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CHAPTER  I 


INTRODUCTION 

Background 

Energy  has  become  one  of  the  most  important  issues  of  the  world 
today.  In  the  past,  cheap,  abundant  energy  supplies,  particularly  elec¬ 
trical  energy,  have  supported  the  industrial,  commercial,  and  residential 
needs  of  the  world.  However,  recent  escalation  in  electrical  energy  prices, 
the  predicted  depletion  of  oil  supplies,  and  environmental  difficulties 
in  using  coal  as  a  source  of  energy  for  electricity  have  changed  the  focus 
on  electrical  energy  within  the  utility  industry. 

Utilities  companies  have  had  to  change  from  proponents  of  the 
growth  of  use  of  electricity  to  leaders  in  the  conservation  of  electricity. 
Historically,  in  an  effort  to  promote  the  growth  of  electricity,  large 
consumers  of  electricity  were  billed  on  a  declining  block  rate  structure. 

The  declining  block  rate  structure  priced  increasing  blocks  of  power  con¬ 
sumption  at  decreasing  prices.  Now,  utility  companies  are  proponents  of 
electrical  energy  conservation,  as  indicated  by  programs  such  as  infrared 
photography  of  residences  and  low  Interest  loans  for  insulation  of  customers' 
homes.  The  pricing  policies  for  electricity  have  also  been  changed  to 
encourage  conservation  by  the  large  industrial  and  commercial  customers. 

On  November  9,  1978,  President  Carter  signed  into  law  the  Public 
Utility  Regulatory  Policies  Act  (PURPA)  of  1978.  "The  objectives  of  this 
Act  are:  (1)  to  encourage  users  to  conserve  electricity  and  gas. 
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(2)  to  promote  the  efficient  use  of  facilities  and  resources  (capital  and 
nonrenewable  resources)  by  utilities;  and  (3)  to  establish  equitable  rates 
for  consumers  [9:51."  The  rate  reforms  proposed  by  PURPA  are  intended  to 
reduce  demand,  change  consumption  patterns,  and  revise  the  allocation  of 
costs  for  utilities.  Carter  administration  officials  cited  the  following 
problems,  which  they  believed  rate  reforms  would  alleviate: 

Highly  uneven  expansion  in  response  to  anticipated  demands 
for  electricity  had  led  to  an  increase  in  plant  capacity  to  meet 
peak  demands.  This  results  in  under-utilized  capacity  at  other 
times. 

Generating  equipment  designed  specifically  for  peak  loads 
is  relatively  inefficient  and  usually  burns  scarce,  higher  priced 
oil  or  natural  gas.  Also,  such  equipment  is  operated  for  only 
very  short  periods  of  time,  and  capital  costs  must  be  amortized 
over  that  limited  time.  As  a  result,  electricity  generated  during 
peak  hours  is  more  costly  than  electricity  generated  during  off- 
peak  hours. 

Since  utility  rates  are  generally  not  time  differentiated,  off- 
peak  users  are  subsidizing  on-peak  users  [9:5-63. 

The  PURPA  of  1978  rejected  mandatory  changes  in  electric  utility 
retail  rates  structures  called  for  by  the  Carter  administration,  but 
includes  in  Title  I  of  PURPA  the  premise  that  rate  reforms  could  help 
solve  some  problems  confronting  the  utilities  and  their  consumers  (9:6). 

PURPA  requires  state  utility  commissions  to  consider  adoption 
of  specified  rate  reforms  and  changes  in  associated  practices  in  order 
to  meet  one  or  more  of  the  Act's  objectives. 

The  Public  Utility  Regulatory  Policies  Act  requires  each  state 
regulatory  authority  to  consider  at  least  once,  for  each  utility  for 
which  It  has  ratemaking  authority,  the  following  by  November  1981: 

1.  Cost  of  service  pricing:  Rates  should  be  designed  to  reflect 
the  costs  of  providing  service  to  different  customers  or  classes  of 
customers.  For  Instance,  high  volume  peak-period  users  might  be 
required  to  pay  a  higher  rate  because  their  demand  Increases  both 
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capital  and  operating  costs.  In  order  to  ascertain  the  appropriate¬ 
ness  of  this  standard,  the  special  rules  detailed  In  the  Act  leave 
the  method  to  be  used  for  determining  cost-of-service  to  different 
classes  of  customers  to  the  discretion  of  the  states.  However,  the 
method  utilized  must  permit  Identification  of  differences  in  costs 
for  various  classes  of  customers  according  to  time  of  day  or  season. 

In  addition.  In  prescribing  the  method  to  be  used,  the  state  autho¬ 
rity  must  take  into  account  the  extent  to  which  total  cost  to  an 
electric  utility  is  likely  to  change  if:  (a)  additional  capacity 
were  added  to  meet  peak  demand  relative  to  base  demand,  and  (b)  add¬ 
itional  kilowatt-hours  of  electricity  were  delivered  to  consumers. 

2.  Declining  block  rates:  Rate  structures  which  price  increasing 
blocks  of  power  consumption  at  decreasing  rates  are  commonly  known  as 
declining  block  rates.  These  rates  are  to  be  abolished  unless  a 
utility  can  demonstrate  that  the  cost  of  providing  service  to  a 
particular  class  of  customers  decreases  as  consumption  increases. 

3.  Time- of- use  rates:  Rates  which  reflect  the  costs  of  providing 
electricity  to  each  class  of  consumer  at  different  times  of  the  day 
are  to  be  adopted,  unless  the  practice  is  not  cost  effective.  "Cost 
effectiveness"  is  defined  by  the  legislation  to  mean  that  long-run 
benefits  of  such  rates  to  the  utility  and  the  class  of  consumers 
affected  are  likely  to  exceed  the  metering  costs  and  other  costs 
associated  with  the  use  of  such  rates. 

4.  Seasonal  rates:  These  rates  reflected  the  cost  of  providing 
service  during  different  seasons.  For  instance,  in  some  regions 
summer  is  a  peak  period  due  to  air  conditioning  requirements. 

5.  Interruptible  rates:  These  rates  are  discount  rates  for 
consumers  who  are  willing  to  have  their  service  interrupted  during 
peak  hours. 

6.  Load  management  techniques:  This  refers  to  the  use  of  devices 
which  store  electricity  during  off-peak  hours  for  use  during  peak 
hours.  Such  techniques  must  be  cost  effective,  as  defined  by  the 
legislation;  that  is,  (a)  they  must  be  likely  to  reduce  maximum 
kilowatt  demand  on  the  utility;  and  (b)  cost-savings  must  be  likely 
to  exceed  long-run  costs  of  implementation  C25 :6-73. 

This  thesis  will  deal  with  the  specific  case  where  tlme-of-use 
rates  have  been  implemented  by  a  utility  company.  Before  making  a  state¬ 
ment  of  the  problem  which  will  be  addressed,  a  typical  summertime  elec¬ 
trical  demand  pattern  will  be  described,  the  structure  of  electrical  utility 
rates  and  time-of-uSe  rates  will  be  explained,  and  the  progress  of  imple¬ 
menting  tlme-of-use  rate  schedules  will  be  discussed. 
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Electrical  Demand  Pattern 


When  attempting  to  conserve  a  resource  it  is  important  to  have  a 
means  to  identify  consumption  patterns  and  measure  progress  in  conservation 
efforts.  An  electrical  demand  graph  provides  consumption  data  for  elec¬ 
trical  energy  consumers.  An  electrical  demand  graph  shows  how  many  kilo¬ 
watts  of  electrical  energy  are  being  used  by  an  individual  or  group  of 
utility  company  customers.  The  ideal  situation  for  the  utility  company 
would  be  for  the  graph  to  be  a  straight  horizontal  line  depicting  a  con¬ 
stant  demand  throughout  the  day.  If  such  a  situation  existed  the  utility 
company  could  size  its  generating  capacity  exactly  to  the  demand  and  there 
would  be  a  reduced  need  for  reserve  capacity  to  meet  unexpected  or  temporary 
electrical  loads.  With  steady  demands,  equipment  utilization  rates  would 
be  higher  and  the  economics  of  electrical  generation  would  be  Improved  (1:1). 

Actual  electrical  demand  graphs  are  characterized  by  a  wavering 
line  with  dally  peaks  and  valleys.  For  example,  the  electrical  demand  on 
the  bell  substation  for  McClellan  AFB,  CA,  for  the  week  August  13-19,  1979, 
is  shown  in  Figure  1.  McClellan  AFB  is  an  Air  Force  Logistics  Command  Base 
which  performs  large-scale  maintenance  on  Air  Force  Aircraft.  The  graph 
in  Figure  1  shows  the  peak  load  occurring  in  the  early  afternoon.  The  peak 
load  Is  composed  of  electrical  loads  from  maintenance  shops  and  comfort  air 
conditioning.  Days  18  and  19  show  weekend  loads  when  the  processing  shops 
are  not  operating  but  peaks  still  occur  due  to  air  conditioning  loads.  The 
interruption  In  the  graph  on  day  13  was  due  to  a  "blackout"  at  McClellan  AFB. 
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Utility  Rate  Structure 


The  amount  of  electricity  consumed  and  size  of  dally  peaks  recorded 
by  a  utility  company  and  depicted  on  the  electrical  demand  graph  determine 
a  customer's  electric  bill.  An  electric  bill  for  a  commercial  or  industrial 
customer  Is  composed  of  demand  and  energy  charges.  Demand  charge  is  the 
portion  of  the  electric  bill  based  on  a  customer's  billing  demand  and  is 
expressed  as  cost  per  kilowatt  (kw).  Billing  demand  is  the  maximum  measured 
peak  demand  during  a  specified  period  of  a  month,  or  if  the  utility  rate 
schedule  includes  a  "ratchet  ctiuse,"  a  percentage  of  the  maximum  billing 
demand  established  during  ary  of  the  consecutive  eleven  preceding  months (25 :8). 
The  demand  portion  of  the  electric  bill  is  determined  by  multiplying  the 
demand  charge  by  billing  demand.  For  instance.  Company  A's  utility  rate 
schedule  states  billing  demand  will  be  either  the  maximum  30-minute 
measured  peak  demand  during  the  month  or  50  percent  of  the  billing  demand 
established  during  the  previous  eleven  months,  whichever  is  greater.  For 
example,  the  January  1981  electric  bill  for  Company  A  contains  the  following: 

Demand  Charge 
$3.70 

Maximum  30-minute  demand 
3000  kw 

Company  A  had  a  30-minute  demand  during  August  1980  of  7000  kw, 

therefore: 

Demand  Charge  *  3.70  X  (max  of  3000  or  .50(7000)  ) 

-  3.70  X  3500 

-  $12,950. 
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Energy  charge  is  the  portion  of  the  customer's  electric  bill  based 
on  electricity  consumed,  measured  in  kilowatt  hours  (kwh).  The  utility 
company  determines  the  energy  cost  by  taking  a  monthly  meter  reading  and 
multiplying  the  reading  by  the  energy  charge.  The  demand  charge  and  energy 
charge  are  combined  to  arrive  at  a  customer's  total  electric  bill  (25:2-8). 

For  instance.  Company  A's  January  1981  electric  bill  contains  the  following: 

Energy  Charge 
$0.04 

Kilowatt-Hours  consumed 
600,000  kwh 

Energy  Charge  *  0.04  X  600,000 
»  $24,000 

Total  Electric  Bill  *  Demand  Charge  +  Energy  Charge 

*  $12,950  +  $24,000 
-  $36,950 

Time-of-use  rate  schedules  differ  from  typical  utility  rate  sche¬ 
dules  In  the  determination  of  the  energy  charge.  Under  a  time-of-use  rate 
schedule,  a  day  Is  broken  up  into  two  periods,  on- peak  and  off-peak.  The 
on-peak  period  is  the  time  of  day  with  relatively  high  electrical  demands, 
as  specified  by  the  utility  supplier,  typically  mid-morning  to  early  evening. 
The  off-peak  period  is  the  time  of  day  with  relatively  low  electrical  demands, 
typically  early  evening  to  mid-morning.  Energy  charges  are  set  for  each  of 
the  periods  with  the  off-peak  rate  a  small  fraction  of  the  on-peak  rate. 
Time-of-use  rate  schedules  require  that  customers  have  an  additional  meter 
installed  to  distinguish  on-peak  from  off-peak  electrical  consumption. 


For  Instance,  Company  B's  January  1981  electric  bill  contains  the 
following: 

Energy  Charge 

On-Peak  (9:00  A.M.  to  7:00  P.M.) 

$0.04 

Off-Peak  (7:00  P.M.  to  9:00  A.M.) 

$0,007 

Kilowatt-Hours  consumed 
On-Peak 

400,000  kwh 
Off-Peak 

200,000  kwh 

Energy  Charge  =  (0.04  X  400,000)  +  (0.007  X  200,000) 

=  $17,400 

The  typical  or  standard  rate  schedule  as  well  as  time-of-use  rate 
schedules  may  incorporate  seasonal  rates.  With  seasonal  rates  different 
demand  and  energy  charges  are  set  for  different  periods  of  the  year.  Sea¬ 
sonal  rates  are  an  attempt  to  pass  on  the  higher  costs  implicit  in  seasonal 
loads,  particularly  air  conditioning  (9:25). 

Progress  of  Implementing  Time-of-Use  Rates 

Ten  years  ago  there  would  have  been  little  relevance  in  discussing 
time-of-use  rate  structures,  but  today  such  a  discussion  is  becoming  very 
relevant.  Wisconsin  Public  Service  Commission,  in  1974,  was  the  first  to 
order  time-of-use  rates  for  large  commercial  and  Industrial  electricity 
customers  (9:17).  Since  then,  commissions  in  New  York,  California,  Michigan, 
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Illinois,  and  Ohio  have  made  similar  moves.  The  first  mandatory  imple¬ 
mentation  program  for  residential  users  also  occurred  in  Wisconsin.  As  of 
July,  1978,  time-of-use  rates  have  been  filed,  ordered  into  effect,  or 
placed  under  consideration  in  twenty- two  states,  put  into  effect  on  an 
experimental  basis  in  fourteen  states,  and  put  into  effect  in  twenty-four 
states  (9:17-18).  Most  initial  time-of-use  rate  programs  are  small,  exp¬ 
erimental,  and  voluntary,  but  Dr.  Malko  of  the  Electric  Power  Research 
Institute  reports  that  mandated  programs  continue  to  be  implemented  at 
what  appears  to  be  an  accelerating  rate  (1:17). 

The  progress  toward  implementing  time-of-use  rates  has  been  slowed 
primarily  by  debate  over  whether  to  use  marginal  cost  or  accounting  cost 
methodologies  to  design  the  rate  structures  (13:130-131).  The  October, 

1980,  issue  of  Electrical  World  reports  that  this  debate  may  be  settled 
by  action  of  the  Economic  Regulatory  Administration  (ERA). 

In  the  September  4,  1980  issue  of  the  Federal  Register,  ERA 
published  a  notice  of  a  proposed  voluntary  guideline  for  a  cost- 
of-service  standard  under  the  Public  Utility  Regulatory  Policies 
Act  of  1978  (PURPA)  as  it  relates  to  section  III  (d)  (1).  In 
proposing  the  rule,  00E  says,  "it  is  DOE’S  conclusion  that  section 
115  (a)  requires,  in  effect,  that  marginal  cost  be  taken  into 
account  in  the  course  of  considering  the  cost-of-service  standard"Cl3:130D. 

Joe  Crespo,  president  of  Ebasco  Business  Consulting  Co.,  adds  that 
the  significance  of  settling  the  debate  over  whether  to  use  marginal  cost 
or  accounting  cost  was  to  get  people  off  dead  center  and  to  start  looking 
seriously  at  time-of-use  alternatives.  In  the  October,  1980  issue  of  Elec¬ 
trical  World,  Joe  Crespo  stated  that: 

He  doesn't  question  for  a  minute  that  five-years  from  now  the 
Industry  will  see  wider  use  and  acceptance  of  time-of-use  rates  £13:131]. 


Statement  of  Problem 


Electricity  encompasses  a  significant  portion  of  the  energy  con¬ 
sumed  for  USAF  installation  operations.  In  fiscal  year  1980,  electricity 
accounted  for  103.6  trillion  BTU  or  55.8  percent  of  installation  energy. 

Cost  of  electricity  for  installation  operations  in  fiscal  year  1980  was 
$331.9  million  (2:113-114).  The  implementation  of  time-of-use  utility 
rates  will  provide  an  opportunity  to  save  millions  of  these  dollars.  The 
problem  for  Air  Force  managers  will  be  to  determine  which  processes  can  be 
economically  shifted  to  off-peak  periods. 

One  component  of  installation  energy  is  electricity  required  for 
air  conditioning.  Air  conditioning  loads  occur  primarily  during  summer 
daylight  periods.  The  problem  then  becomes  meeting  daytime  (on-peak) 
electrical  air  conditioning  needs  with  nighttime  (off-peak)  electricity. 

When  air  conditioning  is  provided  by  a  water-chiller,  the  chilled-water 
may  be  produced  in  off-peak  periods  and  stored  until  needed.  Before  a 
decision  is  made  to  construct  and  operate  an  air  conditioning  water-storage 
system,  it  must  first  be  determined  if  such  a  system  is  economical. 

Research  Objectives 

The  objective  of  this  research  is,  first,  to  describe  current  methods 
for  storing  chilled-water  for  air  conditioning  applications,  and  second,  to 
determine  whether  the  process  of  producing  chilled-water  during  off-peak 
periods  to  meet  comfort  air  conditioning  needs  is  economical  when  time-of- 
use  utility  rates  are  in  effect. 


Research  Questions 

The  approach  used  to  meet  the  research  objectives  of  this  thesis 
was  to  develop  and  answer  the  following  research  questions: 

1.  What  are  current  methods  for  storing  chilled-water  for 
air  conditioning  applications? 

2.  Will  the  financial  advantages  of  off-peak  utility  rates 


offset  the  added  capital  expenditures  incurred  by  a  chilled-water  air 
conditioning  system  with  off-peak  storage? 


CHAPTER  II 


METHODOLOGY 

Introduction 

The  purpose  of  this  chapter  is  to  describe  the  methodology  used 
in  answering  the  research  questions  proposed  in  Chapter  I. 

Data  Sources 

The  method  used  by  the  researchers  to  determine  current  ways  for 
storing  chilled-water  for  air  conditioning  applications  was  to  conduct  a 
literature  search.  Initially,  Trane  and  Carrier  Air  Conditioning  Manuals 
and  the  ASHRAE  Systems  Handbook  and  product  Directory  were  reviewed.  The 
only  reference  to  chilled-water  storage  was  found  in  the  Trane  Air  Con¬ 
ditioning  Manual,  which  described  a  storage  tank  system  manufactured  by  the 
Dole  Refrigeration  Company  (23:219-220).  A  search  of  scientific  and  tech¬ 
nical  magazines  published  since  1979  provided  better  results.  Article  on 
chilled-water  storage  were  found  in  the  ASHRAE  Journal ,  Popular  Science, 
Electrical  World,  Engineering  News  and  Record,  and  Heating/Pi  pi ng/Air 
Conditioning  magazines.  Finally,  two  newsletters  on  chilled-water  storage, 
cost  information  on  various  sizes  of  chillers,  and  major  and  minor  overhaul 
costs  for  the  respective  chillers,  were  obtained  from  a  personal  interview 
with  a  Trane  Air  Conditioning  representative  (15). 
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To  determine  if  the  financial  advantages  of  off-peak  utility  rates 
would  off  set  the  added  capital  expenditures  incurred  by  a  chilled-water 
air  conditioning  system  with  off-peak  storage,  the  researchers  conducted 
a  comparative  economic  study.  The  comparative  study  consists  of  an 
economic  analysis  completed  on  air  conditioning  systems  with  and  without 
chilled-water  storage.  The  technique  that  was  used  to  gather  electrical 
consumption  data  for  the  economic  analysis  is  computer  simulation. 

Simulation  is  defined  as  a  methodology  for  conducting  experiments 
using  a  model  of  a  real  system  (5:475).  The  researchers  used  the  Building 
Loads  Analysis  and  System  Thermodynamics  (BLAST)  program,  which  is  a  com¬ 
prehensive  set  of  subprograms  for  predicting  energy  consumption  in 
buildings,  as  the  model  (16:111).  BLAST  is  correctly  being  used  by  the 
Air  Force  to  perform  building  energy  audits  as  part  of  the  Air  Force  Energy 
Conservation  Investment  Program,  thus  the  program  was  available  for  use  by 
the  researchers.  BLAST  is  provided  to  Air  Force  users  under  contract  with 
Control  Data  Corporation,  Minneapolis,  K?  mesota. 

The  real  system  in  the  simulation  consisted  of  two  buildings  in 
Area  B  of  Wright  Patterson  AFB,  Ohio.  The  economics  of  chilled-water 
storage  may  be  sensitive  to  building  size;  therefore,  selecting  two  buildings 
of  different  size  partially  investigated  this  possibility.  Table  1  lists 
information  on  the  two  buildings  selected  as  the  real  system  for  the  simu¬ 
lation. 
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TABLE  1 


REAL  SYSTEM 


Building  No 

Building  Area 
(Square  Feet) 

Building  Category 
Description 

Chiller/Type/Size 

20040 

21543 

Dispensary 

Reciprocating 

Occ.  Health 

Air- Cool ed/50  Ton 

20050 

52298 

Aircraft 

Reciprocating 

Reasearch  Engineering 

Air-Cooled/ 120  Ton 

Buildings  20040  and  20050  are  similar  in  construction,  occupancy 
schedule,  and  internal  cooling  loads.  Building  20040  is  a  single-story 
U-shaped  building  with  a  partial  basement.  The  size  of  the  basement  is 
approximately  fifty  percent  of  the  first  story  floor  space.  Wall  con¬ 
struction  is  exterior  stucco,  two  layers  of  concrete  blocks,  and  gypsum 
board,  and  windows  are  single  pane  glass.  Building  20040  is  a  medical  dis¬ 
pensary  occupied  from  0730  to  1630.  Internal  cooling  loads  are  composed 
mainly  of  office  equipment  and  electrical  lighting. 

Building  20050  is  a  two-story  T-shaped  building  with  a  partial 
basement.  The  size  of  the  basement  is  approximately  seventy- five  percent 
of  the  first  story  floor  space.  Wall  construction  is  face  brick,  concrete 
block,  R-14  fiber-glass  insulation,  and  gypsum  board,  and  windows  are  double 
pane  glass.  Building  20050  consists  of  administrative  offices  occupied 
from  0730  to  1630.  Interior  cooling  loads  are  composed  mainly  of  office 
equipment  and  electrical  lighting. 
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The  air  conditioning  systems  in  both  buildings  are  single  unit 
reciprocating  air-cooled  chillers.  This  type  of  system  is  commonly  used 
in  meeting  air  conditioning  needs  of  small  to  medium  sized  general  purpose 
buildings  in  the  Air  Force.  A  brief  description  of  air  conditioning  systems 
is  presented  in  Chapter  III. 

The  BLAST  program  contains  three  major  subprograms:  the  Space 
Load  Predicting  Subprogram,  the  Air  Distribution  System  Simulation  Sub¬ 
program,  and  the  Central  Plant  Simulation  Subprogram. 

1.  The  Space  Load  Predicting  Subprogram  computes  hourly 
space  loads  in  a  building  or  a  zone  based  on  user  input  and 
weather  data. 

2.  The  Air  Distribution  System  Simulation  Subprogram  uses 
the  computed  space  loads,  weather  data,  and  user  inputs  describing 
the  building  air-handling  system  to  calculate  hot  weather,  steam, 
gas,  chilled  water  and  electric  demands. 

3.  The  Central  Plant  Simulation  Subprogram  uses  the  computed 
space  loads,  weather  data,  results  of  air  distribution  system 
simulation,  and  user  input  describing  the  central  plant  to  simulate 
boilers,  chillers,  onsite  power  generating  equipment,  and  solar 
energy  systems,  and  computes  monthly  and  annual  fuel  and  elec¬ 
trical  power  consumption  C16 : ID. 

Computer  input  files  were  created  for  buildings  20040  and  20050 
containing  the  information  needed  to  run  the  BLAST  simulations.  The  BLAST 
input  files  for  Building  20040  and  20050  are  contained  in  Appendix  A  and  B, 
respectively.  The  information  needed  for  the  input  files  was  obtained  from 
building  blueprints,  site  visits  to  both  buildings,  and  interviews  with 
the  building  plant  managers. 

The  Central  Plant  Simulation  Subprogram  was  created  with  three 
options,  a  base  case  and  two  alternatives.  The  base  case  represented  the 
chiller  operating  to  meet  cooling  loads  as  they  occurred.  The  first  alter¬ 
native  represents  the  chiller  operating  only  during  off-peak  periods  with 
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sufficient  storage  capacity  to  meet  the  entire  next-day  cooling  load. 

The  second  alternative  represents  a  smaller  sized  chiller  operating 
when  cooling  loads  occur.  The  chiller  is  supplemented  by  chilled  water 
stored  by  the  chiller  in  off-peak  hours. 

The  economic  analysis  of  the  air  conditioning  options  was  per¬ 
formed  using  guidelines  in  Life-Cycle  Costing  Manual  for  the  Energy 
Management  Programs.  Energy  costs  for  the  analysis  were  determined  using 
the  electrical  consumption  data  from  the  BLAST  simulations  and  a  time-of- 
use  electrical  rate  schedule  provided  by  Dayton  Power  and  Light.  Chilled- 
water  storage  tank  investment  costs  were  based  on  cost  data  obtained  in 

the  literature  review  accomplished  for  Research  Question  One.  Chiller 

« 

investment  and  maintenance  costs  were  obtained  from  the  Trane  Air  Conditioning 
Company.  A  comparison  of  the  air  conditioning  options  was  made  based  on  the 
total  life  cycle  cost  of  each  option. 

Limitations  and  Assumptions 

An  objective  of  this  thesis  is  to  determine  whether  the  process  of 
producing  chilled  water  during  off-peak  periods  for  air  conditioning  appli¬ 
cations  is  economical.  The  economics  were  examined  by  applying  time-of- 
use  electrical  rates  to  electric  energy  consumption  data.  For  this  reason, 
absorption  chillers  were  not  examined  because  they  are  most  often  powered  by 
steam  (17:58). 

The  economic  analysis  does  not  include  periodic  maintenance  costs 


on  the  storage  tanks  due  mainly  to  a  lack  of  information  on  such  costs. 


One  of  the  advantages  of  producing  chilled  water  in  off-peak 
hours  is  that  air  conditioning  equipment  operating  in  cooler  outside  air 
temperatures  operates  more  efficiently  and  requires  less  power  (11:64). 
Commercial  air  conditioning  equipment  can  be  either  air-cooled  or  water- 
cooled.  The  simulations  were  performed  on  air  cooled  equipment  only; 
therefore,  it  was  not  determined  if  an  efficiency  advantage  exists  in  one 
or  the  other  methods  of  cooling  in  lower  temperature. 

Air  conditioning  chillers  produce  chilled  water  at  45°F,  which  is 
pumped  to  air-handling  equipment  in  the  conditioned  space  where  the  water 
absorbs  heat.  The  water  returns  to  the  chillers  at  55°F.  The  ability  of 
chilled  water  to  absorb  heat  from  the  conditioned  space  is  reduced  as  the 
chilled  water  temperature  rises  (23:214).  Chilled-water  storage  tanks, 
therefore,  must  be  able  to  maintain  the  chilled  water  close  to  the  temp¬ 
erature  of  the  water  leaving  the  chiller  for  the  air  conditioning  systems 
to  operate  efficiently.  The  BLAST  program  assumes  there  is  no  temperature 
rise  in  the  storage  tanks.  In  Appendix  E,  calculations  were  performed  to 
determine  the  amount  of  temperature  rise  in  the  simulated  storage  tanks. 
The  chilled-water  storage  tanks  are  assumed  to  be  concrete  cylindrical 
tanks  with  a  wall  insulation  value  of  R-20.  The  maximum  temperature  rise 
for  water  entering  a  storage  tank  at  44°F  and  stored  for  twelve  hours  was 
0.06°F.  This  Is  a  loss  of  less  than  1  percent  of  the  cooling  capacity  of 
the  water  assuming  a  10°F  temperature  rise. 
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CHAPTER  III 


PRINCIPLES  OF  CHILLED-WATER  REFRIGERATION 
AND  CHILLED-WATER  STORAGE 

Introduction 

The  purpose  of  this  chapter  is  to  examine  the  principles  of  chilled- 
water  refrigeration  and  describe  how  chi lled-water  storage  tanks  are  incorp¬ 
orated  into  a  chilled-water  system.  The  major  components  of  a  chiller 
refrigeration  system  will  be  described  and  the  most  commonly  used  types 
of  components  compared. 

Principles  of  Chilled-Water  Refrigeration 

The  key  feature  of  an  electric  powered  chiller  which  distinguishes 
it  from  other  types  of  refrigeration  is  electric  chillers  circulate  a 
secondary  cooling  medium  to  the  refrigerated  space,  rather  than  circulating 
conditioned  air.  The  major  components  of  a  chiller  system  are  the  cooling 
medium,  refrigerant,  compressor,  condenser,  evaporator,  and  control  devices. 

Cooling  Medium 

The  cooling  medium  used  in  a  chiller  can  be  water,  a  glycol  mixture, 
or  brine.  The  type  of  cooling  medium  used  is  based  on  the  temperature  of 
the  chilled  liquid  required  for  the  specific  refrigeration-application. 

About  90  percent  of  chillers  used  in  industry  provide  water-based  liquids 
for  central  station  air  conditioning  systems;  therefore,  discussion  of  chillers 
will  be  limited  to  water  type  equipment  (17:58). 
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Circulating  Mater  as  a  cooling  medium  requires  less  building 


space  for  the  air  conditioning  system  and  is  less  expensive  to  operate, 
compared  to  circulating  conditioned  air.  Because  the  specific  heat  and 
density  of  water  at  standard  pressure  (1.0  BTU/lb-F°  and  62.32  lb/ft3) 
is  greater  than  air  at  standard  pressure  (0.24  BTU/lb-OF  and  0.075  lb/ft3), 
the  cross-sectional  area  required  for  water  distribution  pipes  is  markedly 
less  than  that  required  for  air  system  ductwork  to  accomplish  the  same 
cooling  task.  Consequently,  less  building  space  is  needed  for  the  cooling 
distribution  systems  (4:4.1).  Operating  costs  of  water  distribution 
systems  are  less  because  pumping  horsepower  necessary  to  circulate  water 
throughout  a  building  is  usually  significantly  less  than  fan  horsepower 
to  circulate  air  (4:4.4). 

Chilled-water  is  pumped  to  air  handling  equipment  located  in  the 
conditioned  airspace.  The  chilled-water  is  circulated  through  cooling 
coils  in  the  air  handler  and  room  air  is  blown  over  the  coils  to  extract 
heat.  Typically,  chilled-water  systems  are  designed  to  provide  chilled- 
water  at  45°F  to  the  air  handlers  and  for  the  water  to  return  from  air 
handlers  at  55°F  (17:58). 

Refri qerant 

The  components  of  a  chiller  and  flow  pattern  of  liquid  refrigerant 
between  the  components  are  shown  in  Figure  2.  The  most  commonly  used 
refrigerants  are  Refrigerant-11,  Refrigerant- 12,  and  Refrigerant-22, 
which  are  fluorinated  hydrocarbons  derived  from  hydrocarbons  and  contain 
chlorine  and  fluorine.  Refrigerants  are  noncorrosive,  nonflammable,  non- 
toxic,  and  nonexplosive  (25:130).  "The  science  of  refrigeration  is  based 


upon  the  fact  that  a  liquid  can  be  vaporized  at  any  desired  temperature  by 
changing  the  pressure  above  it  [23: 1283. "  Under  atmospheric  pressure, 
refrigerant- 12  has  a  boiling  temperature  of  -21°F,  and  refrigerant-22  has 
a  boiling  temperature  of  -41°F  (23:428-429).  Increasing  pressure  on  the 
refrigerant  causes  it  to  remain  in  a  liquid  state  until  a  higher  temperature 
is  reached.  In  the  chiller,  refrigerant  vapor  flows  into  the  compressor 
and  is  compressed,  increasing  the  pressure  and  temperature  of  the  vapor. 

The  hot,  high  pressure  refrigerant  vapor  enters  the  condenser  where  heat 
is  rejected.  As  the  temperature  of  the  pressurized  refrigerant  drops 
below  its  saturation  temperature,  it  condenses.  The  refrigerant  moves 
through  an  expansion  device  where  the  pressure  and  temperature  are  lowered. 

The  refrigerant  then  enters  the  evaporator.  At  the  lower  pressure,  the 
refrigerant  boils,  absorbing  heat  from  chilled-water  flowing  through 
the  evaporator  (17:58). 

Compressor 

Electrical  powered  water-chillers  are  classified  according  to  type 
of  compressor  used,  either  reciprocating,  centrifugal,  or  screw.  Size  of 
chillers  is  measured  in  terms  of  tons  of  refrigerant,  one  ton  of  refrigeration 
being  the  capacity  to  absorb  12,000  BTU's  of  heat  in  one  hour.  Reciprocating 
chillers  are  available  in  sizes  up  to  200  tons,  screw  machines  are  used 
between  50  and  750  tons,  and  centrifugal  chillers  encompass  a  broad  range 
between  75  and  5000  tons  (17:58). 

•Reciprocating  compressors  are  positive- displacement  machines 
with  crankshaft-powered  pistons  working  in  cylinders,  equipped  with  suction 
and  discharge  valves  much  like  an  automobile  internal  combustion  engine  (17:59). 
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•Centrifugal  compressors  are  variable- volume  displacement 
machines  with  one  or  more  rotating  impellers  imparting  centrifugal  force 
to  compress  the  refrigerant,  similar  to  the  action  of  a  household  fan  (17:61). 

•Screw  compressors  are  positive  displacement  machines  with  com¬ 
pression  resulting  from  the  meshing  action  of  grooved,  precision-machined 
lobes  on  male  and  female  rotors  (17:61-62). 

Building  air  conditioning  loads  vary  with  the  time  of  day  and 
season  of  the  year.  Chillers  meet  this  varying  load  by  adjusting  the 
capacity  of  the  compressor  rather  than  functioning  in  an  on-off  fashion. 
Electrically  powered  chillers  would  appear  to  be  ideal  candidates  for  on- 
off  operation  in  a  load-shedding  environment  where  an  organization  is 
attempting  to  share  peak  loads.  Although  cycling  the  chiller  off  for 
short  periods  will  not  result  in  a  significant  rise  in  the  conditioned 
space  temperature,  there  are  some  drawbacks  to  this  type  of  operation: 

1.  Large  horsepower  motors  are  designed  to  handle  a  certain  maximum 
frequency  of  starts  within  a  given  time  period. 

2.  Once  cycled  off,  the  motor  must  have  sufficient  time  to  dis¬ 
sipate  built-up  heat  before  it  is  restarted.  Starting  current  in  large 
motors  is  typically  about  200  percent  of  operating  current  and  the  heat 
from  the  starting  current  in  addition  to  the  motor's  residual  heat  will 
harm  the  winding  insulation,  shortening  motor  life. 

3.  Large  air  conditioning  systems  generally  have  some  type  of 
Internal  electrical  timing  control  to  prevent  too-frequent  cycling,  perhaps 
enforcing  a  minimum  off-time  of  30  minutes  (18:16). 
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The  means  used  to  vary  the  capacity  of  the  compressor  depends  on 
the  type  of  equipment.  The  most  common  means  of  capacity  control  in 
reciprocating  chillers  is  to  unload  one  on  more  cylinders,  to  bypass  a 
proportion  of  the  evaporator  vapor  within  the  compressor,  or  vapor  by¬ 
passing  external  to  the  compressor  (3:12.10).  Centrifugal  chillers  adjust 
compressor  capacity  through  variable  inlet  guide  vanes  placed  in  front  of 
the  impeller.  Varying  the  angle  of  the  guide  vanes  causes  pre-rotation  of 
the  entering  gas  and  subsequently  produces  less  compression  (1:13).  Screw 
compressors  incorporate  a  movable  sliding  valve.  Opening  of  the  valve 
produces  a  gap  which  retards  the  point  at  which  compression  begins  (3:12.17). 

Condensers 

There  are  three  types  of  condensers  commonly  used  with  water- 
chillers:  air-cooled,  water-cooled,  and  evaporative.  An  air-cooled 
condenser  consists  of  a  coll,  casing,  fan,  and  motor.  The  hot  refrigerant 
vapor  passes  through  the  coils  and  is  cooled  and  condensed  by  means  of 
ambiant  air  blown  over  the  coils  by  the  fan.  Heat  is  rejected  directly 
to  the  air  by  sensible  heat  transfer  (8:55-57). 

A  water-cooled  condenser  consists  of  heat  transfer  tubes  mounted 
inside  a  steel  cylindrical  shell.  Hot  refrigerant  vapor  enters  the  shell 
and  Is  cooled  by  water  passing  through  the  tubes.  The  condensed  refrigerant 
then  flows  to  the  evaporator.  Source  of  cooling  water  can  be  a  lake,  river, 
or  well,  but  Is  most  typically  exhausted  condenser  water  recycled  through  a 
cooling  tower.  Heat  transfer  in  water  cooled  condensers  Is  sensible  cooling 
from  the  water,  heat  transfer  In  a  cooling  tower  is  sensible  and  latent 
cooling  by  air  (8:55-57). 
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An  evaporative  condenser  consists  of  a  condensing  coil,  fan  and 
motor,  water  distribution  system,  recirculating  pump,  and  casing.  Hot 
refrigerant  vapor  enters  the  coils  and  heat  transfer  occurs  to  the  water 
which  is  diffused  over  the  coil  surface.  The  heat  is  then  transferred  to 
air  passing  over  the  coils.  Evaporative  condensers  use  a  combination  of 
latent  and  sensible  heat  transfer  (8:60). 

The  following  general  statements  can  be  made  concerning  con¬ 
densers: 


Water-Cooled  Condensers 

1.  Occupy  the  least  amount  of  space  except  when  a  cooling 
tower  is  used. 

2.  Require  a  cooling  tower  or  an  inexpensive  source  of  water. 

3.  Located  indoors,  with  cooling  tower  outdoors. 

4.  Require  water  treatment  when  used  with  cooling  tower. 

5.  Require  pump  and  water  piping  large  enough  to  handle  total 
water  flow. 

6.  Unit  size  range  from  small  to  very  large. 

7.  High  maintenance  when  cooling  tower  included. 

Air-Cooled  Condensers 

1.  Require  no  water  and,  therefore,  normally  have  no  problems 
of  freezing,  scaling,  or  corrosion.  In  industrial  atmosphere, 
corrosion  may  become  a  problem. 

2.  Higher  peak  power  requirement  per  ton  than  an  evaporative 
condenser  or  water-cooled  condenser. 

3.  Lowest  installation  and  maintenance  cost. 

4.  Usually  located  outdoors. 

5.  No  water  piping  or  pump  required. 

6.  Capacities  over  125  tons  generally  require  multiple  units. 

7.  Longer  refrigerant  lines  required. 

8.  Possible  problem  if  required  to  operate  at  low  outdoor 
temperature . 

9.  Minimum  maintenance. 

Evaporative  Condensers 

1.  Require  much  less  circulating  water  than  water  condenser 
with  cooling  tower,  therefore,  uses  a  smaller  water  pump,  and 
water  lines  of  smaller  size  and  shorter  runs. 
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2.  Usually  require  less  space  than  air-cooled  condensers,  or 
a  water-cooled  condenser  with  cooling  tower. 

3.  May  be  located  indoors. 

4.  Require  water  treatment. 

5.  Large  sizer  available. 

6.  Medium  maintenance  [23:175-1763* 

Power  requirements  of  a  water  chiller  are  a  function  of  the  per¬ 
cent  of  design  load,  leaving  chilled  water  temperature,  and  ambiant  air 
or  cooling-water  temperature.  While  reduction  in  load  produces  the  greatest 
reduction  in  power,  significant  power  savings  are  possible  with  reduced 
ambient  air  or  cooling  water  temperatures  through  more  efficient  condenser 
operation  (17:64).  With  lower  outside  air  temperatures,  air  cooled  condenser 
fan  speeds  can  be  reduced,  or  on  a  multiple  fan  unit,  one  or  more  fans  can 
be  shut  off  while  maintaining  the  rated  cooling  capacity  of  the  unit  (3:16.13). 
With  a  water  cooled  condenser  and  cooling  tower,  lower  outside  air  temp¬ 
eratures  will  lower  the  temperature  of  condenser  water  returning  from  the 
cooling  tower.  The  cooler  condenser  water  reduces  pressure  in  the  con¬ 
denser  below  design  conditions  and  subsequently  the  compressor  has  to  over¬ 
come  less  head  pressure.  With  less  head  pressure  the  compressor  consumes 
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less  power  (11:64).  "For  example,  at  100  percent  load,  a  10°F  reduction  in 
cooling  water  temperature  produces  nearly  10  percent  reduction  in  power 
use  [11:643."  Water  cooled  condensers  are  designed  for  an  entering  water 
temperature  of  about  85°F,  however,  most  chillers  can  be  operated  satis¬ 
factorily  at  temperatures  below  60°F  (11:64). 

Evaporator 

There  are  two  common  types  of  evaporators  (also  called  coolers)  used 
to  provide  chilled  water  for  air  conditioning  systems:  flooded  and  direct 
expansion.  The  flooded  type  evaporator  consists  of  an  outer  shell  encasing 


a  bundle  of  tubes  through  wnich  flows  the  water  to  be  chilled.  About 
half  to  three-fourths  of  the  tube  bundle  is  immersed  in  liquid  refrigerant, 
which  boils  because  of  the  heat  received  from  the  water  being  cooled  (23:159). 
In  the  direct  expansion  evaporators,  also  of  the  shell -and-tube  type,  liquid 
refrigerant  boils  and  evaporates  inside  the  tubes  while  water  is  circulated 
over  the  tube  bundle  (23:161).  The  direct  expansion  type  evaporator  has  the 
advantage  of  a  smaller  pressure  drop  in  the  chilled  water  circuit  and  a 
smaller  charge  of  refrigerant  (23:161).  "Flooded  evaporators  are  usually 
installed  on  centrifugal  packages,  and  direct  expansion  coolers  are  normally 
selected  for  reciprocating  machines;  screw  chillers  use  both  types  [17:63-643. " 

Chilled-Mater  Flow 

Chillers  are  typically  designed  to  deliver  chilled-water  to  air 
handlers  at  45°F  and  have  the  water  return  from  the  chillers  at  55°F  under 
full  load  conditions.  Flow  of  water  through  evaporators  is  recommended  to 
be  held  constant  by  manufacturers  independent  of  load  on  the  chiller  (24:1). 
Varying  chilled-water  flow  does  not  affect  operation  of  air  handlers  but 
constant  flow  is  recommended  for  chillers  for  the  following  reasons: 

1.  Constant  water  flow  aids  in  reliable  heat  transfer  in  the 
evaporator.  Under  conditions  of  low  water  flow,  refrigerant  temperatures 
fall  below  the  freezing  point  of  water  and  damage  may  occur  from  freezing 
of  the  evaporator  tubes  (24:1). 

2.  Without  constant  chilled  water  flow,  the  return  water  temp¬ 
erature  is  not  an  indicator  of  load  (24:4). 


Chilled-Mater  Storage  System 

The  concepts  involved  in  chilled-water  storage  are  both  simple 
and  straightforward.  A  schematic  diagram  of  a  chilled-water  storage  system 
is  shown  in  Figure  3.  The  system  consists  of  a  chiller,  storage  tank,  and 
circulating  pumps. 

Chilled-water  storage  systems  can  be  operated  in  one  of  two  ways. 
The  chiller  can  be  usfcd  to  charge  the  storage  tank  at  night  during  periods 
of  small  or  no  cooling  loads  and  then  shut  down.  Storage  tanks  are  then 
used  to  meet  cooling  loads  occurring  after  the  chiller  is  shut  down.  In 
this  case,  air  handlers  are  equipped  with  two-way  control  valves  designed 
to  allow  a  set  temperature  drop  across  the  air  handlers.  The  chiller 
operates  at  design  load,  filling  the  storage  tank  and  diverting  sufficient 
chilled-water  to  meet  any  cooling  loads.  The  circulating  pumps  supplying 
chilled-water  to  the  air  handlers  are  variable  volume  pumps  supplying  only 
enough  water  to  meet  the  load  with  a  set  temperature  drop  in  the  chilled 
water  (22:1-2). 

The  second  case  involves  continuous  or  near  continuous  operation 
of  the  chiller.  The  chiller,  in  this  case,  is  sized  smaller  than  one 
needed  to  meet  peak  cooling  loads.  The  chiller  is  run  at  night  to  fill 
the  storage  tank  and  also  meet  any  occurring  cooling  loads.  As  the  cooling 
loads  Increase,  more  of  the  chilled-water  is  directed  to  air  handlers  until 
the  cooling  load  matches  the  chiller  size.  When  cooling  loads  exceed  the 
capacity  of  the  chiller,  chilled-water  from  the  storage  tank  is  then  pumped 


27 


to  the  air  handlers  In  addition  to  chilled-water  coining  from  the  chiller. 
In  this  case,  as  in  the  previous  case,  the  circulating  pump  supplying 
chilled-water  to  air  handlers  are  variable  pumps  supplying  only  enough 
water  to  meet  cooling  loads  with  a  set  temperature  drop  in  the  chilled 
water  (22:1-2).  Systems  can  be  designed  with  more  than  one  chiller  in 
the  circuit  as  shown  in  Figure  4. 


CHAPTER  IV 


CURRENT  CHILLED-WATER  STORAGE  SYSTEMS 
AND  ECONOMIC  ANALYSIS 


Current  Chilled-Water  Storage  Systems 
The  current  methods  for  storing  chilled-water  for  air  conditioning 
applications  are  examined  by  considering  the  materials  used  in  construction 
of  storage  tanks  and  methods  used  in  preventing  blending  of  water  within 
the  tanks. 


Construction  Materials 

Chilled-water  storage  tanks  have  been  constructed  of  steel,  con¬ 
crete,  gunite,  and  styrofoam.  Steel  tanks  can  be  prefabricated  or  con¬ 
structed  on  site.  The  largest  steel  tank  which  can  be  prefabricated  off¬ 
site  is  30,000  gallons  and  costs  are  about  504/gal  (21:69).  If  the  tank 
must  be  reinforced  to  accept  the  static  head,  of  a  system,  costs  escalate 
to  above  $1. 00/gal  (21:69). 

Because  of  the  high  cost  of  steel,  it  is  more  practical  to  use 
concrete  tanks.  Tanks  in  the  100,000  to  500,000  gal  category  have  been 
installed  for  as  little  as  204/gal  (21:69).  Concrete  storage  tanks  can 
be  placed  on  top  of  buildings  to  save  on  transfer  pumping  energy.  Roof 
top  installations  incur  a  structural  penalty  of  about  44/gal  plus  1/44/gal 
per  story  of  building  height  (21:69). 
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Gunite  walls  with  posttensioning  bands  to  avoid  cracks  can  be  used 


to  reduce  weight  and  cost  of  concrete  tanks.  ’‘Gunite  is  a  trademark  for 
a  concrete  mixture  sprayed  under  pressure  over  steel  reinforcements,  as 
in  making  swimming  pools  C14:6233."  Gunite  tanks  may  be  fabricated  for  as 
little  as  154/gal  in  50,000  to  100,000  sizes  (21:69). 

Storage  tanks  are  also  being  fabricated  using  four  inch  thick 
styrofoam  sheets  with  metal  band  reinforcement  and  coated  fabric  liners. 

The  cost  of  styrofoam  tanks  is  similar  to  that  for  the  gunite  tanks  (21:69). 

The  material  used  In  the  construction  of  a  chilled-water  storage 
tank  for  any  particular  Installation  will  depend  on  such  factors  as  size, 
difficulty  of  excavation,  and  the  design  practices  of  the  consultant.  In 
any  application,  the  economics  of  using  a  particular  construction  material 
should  be  considered. 

Anti -Blending  Methods 

The  effective  operation  of  a  chilled-water  system  with  storage  requires 
a  means  of  separating  the  chilled-water  from  its  warmer  return  water.  When 
warmer  return  water  enters  the  storage  tank,  it  is  useless  if  it  returns  to 
the  system  before  being  processed  through  the' chiller.  Hot-water  storage 
tanks  rely  on  stratification  of  water  within  the  tanks  to  separate  the  hot 
and  cooler  water.  This  is  possible  because  of  the  buoyancy  characteristic 
of  water  in  the  hot  water  temperature  ranges.  But  as  Figure  5  reveals,  the 
buoyancy  characteristic  of  water  over  the  chilled-water  range  differ  so  little 
that  buoyancy  is  a  poor  means  of  preventing  blending  of  water  in  a  chilled- 
water  storage  tank  (21  :65-66). 


One  method  of  hindering  blending  in  a  chiller-water  tank  is  use  of 
fixed  baffles.  Layout  of  the  tank  is  shown  in  Figure  6.  The  fixed  baffles 
are  arranged  in  the  form  of  weirs  (dams)  which  promote  a  "piston  flow" 
between  the  compartments.  For  instance,  chilled-water  enters  the  storage 
tank  in  Figure  6  on  the  right  and  follows  a  flow  pattern  shown  by  the  dot¬ 
ted  line.  As  the  chilled-water  enters  a  compartment,  an  interface  is 
formed  between  the  45°F  water  and  the  55°F  water.  The  interface  moves  up 
the  compartment  during  the  filling  process;  thus  the  "piston  flow".  As 
the  interface  approaches  the  top  of  the  compartment,  the  45°F  water  begins 
to  pour  over  into  the  next  compartment  before  the  preceding  compartment  is 
completely  empty.  The  55°F  water  remaining  in  the  compartment  blends  with 
45°F  water  in  the  shaded  area  shown  in  Figure  6.  Chilled-water  is  dis¬ 
charged  from  the  storage  tank  by  reversing  the  flow  pattern  through  the 
tank.  Tests  on  a  single  pass  through  a  fixed  baffle  system  showed  about 
85  percent  of  the  tank  volume  remained  unblended  (21:67).  Concern  with 
this  concept  lies  In  a  tendency  for  the  blended  portion  to  increase  with 
each  reversal  of  flow.  Testing  has  shown  the  blended  volume  is  variable, 
depending  on  rate  of  flow  and  the  resultant  head  of  water  between  segments 
(21:67).  The  fixed  baffle  method  has  been  used  in  Japan  where  construction 
of  the  storage  tanks  Is  subsidized  by  the  need  for  earthquake  protection. 
Japanese  buildings  use  earthquake  reinforcement  in  the  form  of  Intersecting 
shear  walls  at  the  basement  level.  Little  modification  is  needed  to  form 
a  container  for  water  storage  (21:66-6/). 

A  second  method  of  hindering  blending  Is  the  empty  tank  concept. 
With  this  method,  water  flow  In  a  compartment  only  occurs  In  one  direction 
at  any  one  time.  Layout  of  the  tank  Is  shown  In  Figure  7.  In  this  method 
there  Is  a  tradeoff  between  cost  of  partitions  In  the  tanks  and  cost  of  the 


volume  for  the  spare  tank.  "Rough  cost  analysis  seems  to  indicate  that 
the  lowest  enclosure  cost,  including  the  partitions  and  shell,  will  result 
from  a  tank  which  contains  from  six  to  nine  compartments  [21:673." 

Automation  of  the  compartment  isolation  and  manifold  valves  would  be 
essential  with  an  empty  tank  system.  Otherwise,  an  operator  would  be 
required  on  constant  duty  to  regulate  the  flow  between  compartments.  The 
designers  of  a  $45  million,  21-story  building  in  Los  Angeles  have  halved 
the* si ze  of  its  air  conditioning  plant  by  adding  a  640,000  gallon  chilled- 
water  storage  tank.  The  storage  tank  is  constructed  of  reinforced  concrete, 
plastic  lined,  and  is  buried  beneath  the  lowest  level  of  a  four  story 
underground  garage.  The  empty  tank  concept  is  used  with  the  storage  tank 
divided  into  eight  compartments.  A  computer  based  control  system  is  used 
to  start  and  stop  the  chiller,  and  to  determine  how  much  chilled-water  to 
prepare  for  the  next  day  (10:17). 

A  third  method  of  hindering  blending  is  the  moving  partition  con¬ 
cept.  A  schematic  of  the  moving  partition  system  is  shown  in  Figure  8. 

The  moving  partition  is  constructed  of  coated  fabric  and  fastened  at  mid- 
height.  The  membrane  floats  up  and  down  to  suit  variable  proportions  of 
45°F  and  55°F  water  (21:69).  Screens  are  placed  over  the  in-flow  and  out¬ 
flow  area  to  avoid  trapping  the  membrane.  The  moving  membrane  methods 
requires  walls  of  the  storage  tank  be  smooth  to  reduce  rubbing  wear  of  the 
membrane.  A  thin  stationary  plane  of  50°F  water  forms  above  and  below  the 
membrane  and  acts  as  Insulation  against  heat  transfer  (21:69).  A  two- 
million  square  foot  office  building  in  Calgary,  a  western  Canadian  oil 
town,  was  designed  with  cold  and  hot-water  storage  tanks,  and  no  heating 
plant.  The  design  is  based  on  the  fact  that  office  buildings  require  air 
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Fixed  Partition  System  (21:66) 


Baffle  System  (21:69). 


conditioning  year  round  since  people,  machines,  and  computers  create 
excess  heat  within  the  core  of  an  office  building  (6:20).  Winter  heating 
i:  obtained  from  hot-water  tanks  which  recycle  discharge  heat  from  the 
buildings  chillers.  Chillers  operate  at  night  and  the  chilled-water  is 
stored  in  two  250,000  gallon  tanks.  The  storage  tanks  are  equipped  with 
a  moving  membrane  system  to  prevent  mixing  of  incoming  and  stored  water  (6:21). 

Relative  costs  of  the  various  anti -blending  methods  are  contained 
in  Table  1.  The  costs  are  based  on  a  storage  volume  of  300,000  gal  and 
water  depth  of  12  ft  (21:70). 


Economic  Analysis 

The  economics  of  a  chilled-water  air  conditioning  system  with 
off-peak  storage  were  analyzed  by  performing  a  total  life-cycle  cost  (TLCC) 
analysis  on  each  air  conditioning  alternative.  Guidelines  in  Li fe-Cycle 
Costing  Manual  for  the  Federal  Energy  Management  Programs  were  used  for 
the  TLCC  analysis. 

This  manual  amplifies  the  methodology  and  procedures  for  life- 
cycle  cost  analysis  established  by  the  Department  of  Ene.gy  (DoE) 
in  Subpart  A  of  Part  436  of  Title  10  of  the  Code  of  Federal  Reg¬ 
ulations  (10  CFR  Part  436),  which  is  entitled  "Federal  Energy 
Management  and  Planning  Programs"  (FEMP).  It  incorporates  pro¬ 
posed  changes  in  the  methodology  and  procedures  made  in  response 
to  recent  amendments  to  the  law.  It  is  intended  as  an  aid  to 
implementing  life-cycle  cost  evaluations  of  potential  energy  con¬ 
servation  and  renewable  energy  investments  in  existing  and  new 
federally  owned  and  leased  buildings  as  required  by  Section  381 
(a)  (2)  of  the  Energy  Policy  and  Conservation  Act  (EPCA),  as  amended, 
42  U.S.C.  6361  (a)  (2);  by  Section  10  of  Executive  Order  11912, 
as  amended  by  Executive  Order  120003  (Executive  Order);  and  Title  V 
of  the  National  Energy  Conservation  Policy  Act  (NECPA),  92  Stat.  3275, 
as  amended  by  Section  405  of  the  Energy  Security  Act,  94  Stat.  611 
Cl9:iii]. 


TABLE  2 


RELATIVE  COST  FOR  VARIOUS  ANTI-BLENDING  SOLUTIONS  (d/US  GALLON) 


Type  Anti -blending 


Item 


Fixed  Empty  Moving 

Baffles  Tank  Baffle 


Storage  Tank 

30 

30 

30 

Basic  Piping 

4 

8 

4 

Stationary  Baffles 

8 

- 

- 

Nozzles  and  Pipe 

Headers 

- 

- 

- 

Empty  Tank  (1.5 

Compartments) 

- 

8 

- 

Extra  Partitions 

- 

6 

- 

Space  for  Empty 

This  may 

be 

inconsequential , 

but  where 

Tanks  or 

space  is 

at 

a  premium  it  may 

be  the  most 

Oversizing 

significant 

cost  of  all . 

Deeper  Excavation 

or  NPSH  Pump 

- 

2 

- 

Moving  Baffle 

- 

- 

6 

Screens,  Wells, 

Lights,  etc. 

- 

- 

6 

Control  &  Instrumentation 
Basic 

3 

5 

3 

Extra  Valves  and 

Processor 

- 

5 

- 

Extra  Tank  Volume 
to  Compensate 

for  Blending 

10 

2 

• 

TOTAL 

55 

66 

49 

SOURCE:  ASHRAE  Journal, 

January  1980 

40 


? 


The  TLCC  analysis  takes  Into  account  costs  of  different  air  con¬ 
ditioning  equipment,  minor  and  major  overhaul  costs,  storage  tank  capital 
costs,  utility  costs,  and  salvage  and  resale  costs.  Costs  of  air  handler 
and  air  distribution  equipment  are  not  included  since  this  equipment  is 
common  to  each  alternative.  Energy  costs  are  included  only  for  the  four 
months  (June-September)  summer  period.  Energy  costs  for  the  other  months 
are  identical  to  each  alternative  and  do  not  affect  the  comparison  of 
alternatives.  Costs  occurring  in  future  years  are  compared  to  current 
costs  by  adjusting  future  costs  for  opportunity  costs. 

Key  Elements  of  the  TLCC  Analysis  on 
Buildings  200 40  and  20050 

The  key  elements  included  in  the  analysis  are: 

1.  Life  cycle  cost  evaluations  account  for  investment  costs, 
nonfuel  periodic  maintenance  costs,  and  energy  costs.  Investment  costs 
and  nonfuel  periodic  maintenance  costs  are  summarized  in  Table  3. 

2.  Time-of-use  energy  costs  are  approximated  based  on  information 
contained  in  a  Dayton  Power  and  Light  Company  rate  proposed  for  time-of- 
use  rates.  A  Facilities  Charge  of  $0.53  per  KW  of  on-peak  or  off-peak 
demand  is  assessed  to  the  maximum  hourly  demand  recorded  during  any  of 
the  previous  twelve  months.  A  Demand  Charge  of  $5.09  per  Kw  is  assessed 
for  all  kilowatts  of  billing  demand  per  month.  An  Energy  Charge  of  $0.0125 
per  KWH  on-peak  and  $0,002  per  KWH  off-peak  is  assessed  for  all  kilowatt- 
hours  consumed  per  month. 

3.  The  Uniform  Present  Worth  Formula  Modified  (UPW*)  for  DOE  region 


5,  which  includes  Minnesota,  Wisconsin,  Michigan,  Illinois,  Indiana,  and 
Ohio,  was  used  for  discounting  future  costs  of  energy.  Value  of  UPW*  is 


4.  The  air  conditioning  equipment  is  assumed  to  have  a  twenty- 
five  year  service  life  with  a  zero  salvage  value. 

5.  All  future  dollar  amounts  are  estimated  in  constant  mid-1980 
dollars.  A  discount  rate  of  7  percent  is  used  to  adjust  costs  to  mid-1980 
dollars. 

6.  The  study  period  for  the  alternatives  will  be  twenty-five 

years. 

7.  Initial  investment  costs  are  reduced  to  90  percent  of  cost 
to  adjust  for  social  benefits  of  saving  nonrenewable  energy  (19:2). 

8.  Storage  tank  investment  costs  are  summarized  in  Table  4  and 
are  based  on  a  cost  of  $0.49  per  gallon  of  storage  and  determined  as 
follows: 

I.C.  3  Storage  size  (BTU)  X  Specific  Heat  of  Mater 
X  1  gal 

8.33  lb  of  water  X  JL_  X 

T  of  Chilled  HzO 


($)  Investment  ($)  Major  ($)  Minor 


Chiller  Size 

Cost 

Overhaul  (9yr) 

Overhaul  (3yr) 

20  Ton 

10,000 

2,000 

250 

40  Ton 

18,000 

3,500 

300 

60  Ton 

22,000 

5,000 

350 

120  Ton 

40,000 

7,800 

500 

TABLE  4 


STORAGE  TANK  INVESTMENT  COSTS 


Storage  Tank  Size  Storage  Tank  Size 

( KBTU )  (US  GALS) 


Investment  Costs 
(DOLLARS) 


4000 

19600 

6000 

60024 

11000 

110044 

53140 

17000 

170068 

The  cost  time  relationship  for  Buildings  20040  and  20050  are 
shown  in  Figures  9  and  10.  On  the  cost-time  lines,  costs  occurring 
during  a  given  year  are  assumed  to  occur  all  at  the  end  of  a  year.  The 
economic  evaluation  is  accomplished  using  TLCC  by  summing: 

(a)  The  present  value  of  investment  costs  minus  salvage 
value. 

(b)  The  present  value  of  future  nonfuel  operations  and 
maintenance  costs. 

(c)  The  present  value  of  replacement  costs. 

(d)  The  present  value  of  energy  costs  for  each  alternative 
design  C19:83D. 

The  TLCC  of  Buildings  20040  and  20050  was  calculated  as  follows: 

(a)  Present  value  of  investment  is  calculated  by  taking  90  per¬ 
cent  of  cost  of  the  reciprocating  chiller  and  storage  tank  minus  salvage 
value  of  zero. 

(b)  Present  value  of  future  nonfuel  operations  and  maintenance 
is  calculated  by  multiplying  major  and  minor  maintenance  costs  by  Single 
Present  Worth  formula  for  the  corresponding  years. 


(c)  Present  Value  of  replacement  value  is  equal  to  zero  because 
equipment  life  and  study  life  are  equal. 

(d)  Present  Value  energy  costs  are  calculated  by  multiplying 
total  energy  costs  from  Tables  5-10,  by  the  Modified  Uniform  Present 
Worth  Formula.  The  values  for  peak  demand,  billing  demand  and  KWH  con¬ 
sumption  are  taken  from  Time-of-Use  Electrical  Usage  Reports  in  Appendicies 
C  and  D. 

Results  of  the  analysis  are  summarized  in  Table  11  and  show  the 
base  case  option,  no  chilled-water  storage,  to  be  the  most  economical. 


BUILDING  20040  (BASE  CASE)  ENERGY  COSTS  (DOLLARS 


TABLE  6 

200 40  (ALTERNATIVE  1)  ENERGY  COSTS  (DOLLARS 
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TABLE  7 


BUILDING  20050  (BASE  CASE)  ENERGY  COSTS  (DOLLARS 
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BUILDING  20050  (ALTERNATIVE  1)  ENERGY  COSTS  (DOLLARS 


BUILDING  20050  (ALTERNATIVE  2)  ENERGY  COSTS  (DOLLARS 


TABLE  11 
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c_> 


a>  oo  oo 
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Adjusted  Economic  Analysis 


The  TLCC  analysis  presented  so  far  deals  with  Buildings  20040 
and  20050  as  individual  entities.  That  is.  Building  20040  or  20050  is 
the  only  contributor  to  the  electric  utility  bill.  An  adjusted  economic 
analysis  is  now  presented  showing  the  effect  of  grouping  buildings  to¬ 
gether  for  utility  billing  purposes. 

Electric  utility  billing  can  be  based  on  consumption  from  a 
number  of  buildings  serviced  by  a  single  electric  meter;  such  a  case  is 
common  within  the  Department  of  Defense.  In  this  case,  the  facility 
charges  and  demand  charges  are  based  on  the  peak  demand  through  the 
electric  meter,  not  for  a  particular  building. 

Adjustments  to  the  TLCC  analysis  are  made  assuming  Building  20040 
or  20050  is  grouped  together  with  other  buildings  for  electric  billing 
based  on  the  occurence  of  peak  loads.  The  adjusted  analysis  assumes  an¬ 
other  building  serviced  by  the  same  electric  meter  as  Building  20040  or 
20050  has  a  peak  electric  demand  during  the  on-peak  period.  The  peak 
demand  from  the  other  building  is  an  order  of  magnitude  higher  than  that 
of  Building  20040  or  20050.  And,  the  on-peak  demand  from  the  other 
building  occurs  at  the  same  time  as  the  on-peak,  peak  demand  for  each 
option  of  Building  20040  and  20050. 

The  peak  demand  for  the  base  case  and  alternative  two  for  Buildings 
20040  and  20050  occur  during  the  on-peak  period.  Therefore,  the  peak  demand 
will  contribute  directly  to  the  facility  charges  and  demand  charges  for 
the  grouping  of  buildings. 
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The  peak  demand  for  alternative  one,  running  the  chiller  at  night 
only,  occurs  during  the  off-peak  period.  Therefore,  the  peak  demand  does 
not  contribute  to  the  facility  charges  and  demand  charges  for  the  grouping 
of  buildings.  The  contribution  to  the  facility  charges  and  demand  charges 
are  based  on  the  peak  demand  during  the  on- peak  period.  The  TLCC's  for 
alternative  one  for  buildings  20040  and  20050  are  adjusted  for  the  facility 
charges  and  demand  charges  based  on  the  on-peak  period  peak  demand.  The 
adjusted  energy  costs  are  shown  in  Tables  12  and  13  and  the  adjusted  TLCC's 
are  shown  in  Table  14.  The  base  case  option,  no  chilled-water  storage, 
remains  the  most  economical;  however,  the  economics  of  alternative  one  are 
improved. 

Sensitivity  Analysis 

Finally,  the  sensitivity  of  the  TLCC  analysis  to  changes  in  storage 
tank  construction  costs  should  be  examined.  The  storage  tank  investment 
costs  used  in  the  TLCC  analysis  are  calculated  using  a  cost  of  49$/gal. 

The  investment  cost  of  49$/gal  in  Table  1  is  based  on  a  300,000  gallon  con¬ 
crete  tank  with  a  moving  baffle  anti -blending  system.  The  investment  costs 
includes  costs  of  tank  construction,  anti-blending  system,  piping,  and 
control  and  instrumentation. 

The  storage  tank  construction  costs  in  Table  1  were  30$/gal .  As 
reported  in  answering  Research  Question  One,  concrete  tanks  can  be  con¬ 
structed  for  as  little  as  20$/gal ,  and  gunite  and  styrofoam  tanks  for  as 
little  as  15$/gal .  The  storage  tank  investment  costs  are  recalculated  at 
39$  and  34$  per  gallon  (construction  costs  of  20$  and  15$  per  gallon, 
respectively)  and  the  TLCC's  are  adjusted  for  the  recalculations.  Results 
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BUILDING  20040  (ALTERNATIVE  1)  ADJUSTED  ENERGY  COSTS  (DOLLARS 


TABLE  13 


SUMMARY  OF  ADJUSTED  TLCC'S  FDR  BUILDINGS  20040  AND  20050  (DOLLARS 


SUMMARY  OF  SENSITIVITY  ANALYSIS  ON  TLCC'S  (DOLLARS 


STORAGE  TANK  INVESTMENT  COST 


49<t/US  GAL  394/US  GAL  344/US  GAL 


Building  20040 


Base  Case 

0 

0 

0 

Alt  1 

29,400 

23,400 

20,400 

Alt  2 

19,600 

15,600 

13,600 

Adjusted  Alt  1 

29,400 

23,400 

20,400 

Building  20050 

Base  Case 

0 

0 

0 

Alt  1 

83,660 

66,590 

58,050 

Alt  2 

53,140 

42,300 

36,870 

Adjusted  Alt  1 

83,660 

66,590 

58,050 

TLCC'S 

BASED  ON  STORAGE  TANK  I.C. 

494/US  GAL  394/US  GAL  344/US  GAL 


Building  20040 


Base  Case 

58,900 

58,900 

58.900 

Alt  1 

80,598 

75,198 

72,498 

Alt  2 

61,340 

57,740 

55,940 

Adjusted  Alt  1 

70,850 

65,450 

62,750 

Building  20050 

Base  Case 

148,779 

148,779 

148,779 

Alt  1 

214,938 

199,575 

191,889 

Alt  2 

164,333 

154,577 

149,690 

Adjusted  Alt  1 

190,944 

175,581 

167,895 

CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 
Conclusions 

Research  Question  One.  The  current  methods  for  storing  chilled- 
water  were  described  in  terms  of  construction  materials  and  anti-blending 
systems.  Storage  tank  construction  materials  were  evaluated  by  comparing 
material  costs.  Materials  available  for  use  in  constructing  storage  tanks 
included  steel,  concrete,  gunite,  and  styrofoam.  The  steel  tank  costs  are 
50$/gal  as  compared  to  20$/ga1  for  concrete  and  15$/ gal  for  gunite  and 
styrofoam. 

The  effective  operation  of  a  chilled-water  air  conditioning  system 
with  storage  requires  a  means  of  preventing  blending  of  the  chilled-water 
and  warmer  return  water.  Current  anti -blending  methods  can  be  classified 
as  fixed  baffle,  empty  tank,  or  moving  partition.  The  anti-blending 
systems  were  evaluated  by  comparing  the  effectiveness  of  the  anti -blending 
system  and  costs.  The  fixed  baffle  method  uses  weirs  (dams)  to  separate 
compartments  in  the  tanks.  The  fixed  baffle  system  does  not  physically 
separate  the  chilled  and  return  water  and  is  only  partially  effective  in 
preventing  blending.  The  empty  tank  method  uses  an  empty  compartment  in 
the  storage  tank  as  a  buffer  between  the  chilled  and  return  water.  Main¬ 
taining  the  empty  compartment  buffer  requires  automation  of  the  compartment 


isolation  and  manifold  valves.  Prevention  of  blending  relies  on  the 
effective  operation  of  the  automated  control  system.  The  moving  partition 
method  uses  a  floating  membrane  attached  to  the  side  of  the  storage  tank 
to  prevent  blending.  The  membrane  moves  up  and  down  automatically  as  the 
volume  of  chilled  and  return  water  changes  and  maintains  a  physical  barrier 
between  the  chilled  and  return  water. 

Resolution  of  Research  Question  One.  Currently,  a  gunite  or  styro¬ 
foam  storage  tank  with  a  moving  partition  anti-blending  system  is  the  most 
desirable  method  for  storing  chilled-water.  Gunite  and  styrofoam  have  the 
least  expensive  construction  costs.  The  moving  partition  maintains  a 
physical  barrier  between  the  chilled  and  return  water  without  depending 
on  an  automated  control  system  and  has  the  least  cost  per  gallon. 

Research  Question  Two.  The  economics  of  producing  chilled-water 
during  off-peak  periods  with  a  time-of-use  utility  rate  schedule  were 
investigated  using  minimum  total  life-cycle  cost  (TLCC)  as  a  criteria. 

The  procedures  used  in  the  TLCC  analysis  were  established  by  DOE.  The 
analysis  included  computer  simulation  of  two  different  sized  buildings 
at  Wright- Patterson  AFB  to  gather  electrical  consumption  data.  The 
building  simulations  included  three  options:  (1)  a  base  case  with  no 
chilled-water  storage;  (2)'  alternative  one,  producing  all  chilled-water 
during  off-peak  periods;  and  (3)  alternative  two,  supplementing  a  smaller 
chiller  with  chilled-water  produced  at  night.  The  buildings  simulated 
were  20040  and  20050. 
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The  TLCC  included  investment  costs,  maintenance  costs,  and  energy 
costs  derived  from  the  electrical  consumption  data.  At  first,  the  buildings 
were  analyzed  as  individual  entities,  treating  the  buildings  as  the  only 
determinants  of  the  electric  utility  bill.  Then,  the  buildings  were  treated 
as  one  of  a  group  of  buildings  and  the  TLCC’s  were  adjusted  for  savings  on 
electrical  demand  charges.  Finally,  a  sensitivity  analysis  was  performed 
to  investigate  the  influence  of  using  different  storage  tank  materials  with 
differing  investment  costs. 

The  base  case,  no  chilled-water  storage,  has  the  minimum  TLCC  for 
both  buildings  when  the  buildings  are  treated  as  individual  entities  with 
concrete  storage  tanks.  Investment  costs  of  both  of  these  concrete  tanks 
was  set  at  49£/gal.  Alternatives  one  and  two  have  smaller  energy  costs 
than  those  of  the  base  case,  but  these  savings  are  insufficient  to  amortize 
the  added  investment  costs  of  the  storage  tanks.  The  TLCC's  of  alternative 
two  came  closer  to  those  of  the  base  case.  The  installation  of  a  smaller 
chiller  reduced  chiller  investment  costs,  storage  tank  investment  costs, 
and  peak  electrical  demand  charges  for  the  buildings  compared  to  alternative 
one. 

The  base  case  also  has  the  minimum  TLCC  when  buildings  20040  and 
20050  were  treated  as  one  of  a  group  of  buildings  and  concrete  storage 
tank  investment  costs  were  49^/gal.  The  electrical  peak  demand  charges 
are  reduced  for  alternative  one,  operating  the  chiller  only  at  night, 
because  the  peak  electrical  demand  of  the  chiller  is  exceeded  by  the 
larger  daytime  peak  demand  of  the  other  buildings.  However,  operating 
the  smaller  chiller  with  supplemental  chilled  water  is  still  more  economical 
than  operating  a  considerably  larger  chiller  only  at  night. 


A  sensitivity  analysis  was  performed  for  the  range  of  storage 


tank  construction  costs  found  in  current  literature.  The  original  TLCC's 
were  recalculated  to  reflect  use  of  concrete  storage  tanks  with  investment 
costs  of  394/gal  and  gunite  or  styrofoam  tanks  with  investment  costs  of 
344/gal.  With  storage  tank  construction  costs  of  394  and  344  per  gal, 
alternative  two  for  building  20040,  the  smaller  building,  was  the  most 
economical,  while  the  base  case  for  building  20050  remained  the  most 
economical . 

Resolutions  of  Research  Question  Two.  The  economics  of  chilled- 
water  storage  for  air  conditioning  applications  with  time-of-use  electrical 
rates  based  on  a  TLCC  analysis  is  sensitive  to  storage  tank  investment 
costs  and  size  of  the  air  conditioning  load.  Alternative  two  for  building 
20040  has  the  minimum  TLCC  when  storage  tank  investment  costs  are  reduced 
to  394/gal.  The  economics  of  alternative  two  for  building  20050  will 
become  the  most  economical  if  storage  tank  investment  costs  are  reduced 
slightly  below  344/gal.  The  decision  whether  or  not  to  install  chilled- 
water  storage  will,  therefore,  greatly  depend  on  the  ability  to  minimize 
initial  investment  costs. 

Recommendations  for  Further  Research 

Based  on  the  minimal  information  available  on  chilled-water  storage 
and  the  results  of  the  economic  analysis  performed  in  this  thesis,  several 
recommendations  are  made  for  further  research. 

Buildings  with  chilled-water  storage  applications  found  in  the 
literature  were  all  under  construction  or  due  to  be  completed  in  the  1980- 
1981  time  frame,  the  time  period  of  this  research.  These  projects  can  be 


used  as  sources  of  information  on  investment,  operation  and  maintenance 
costs  of  the  storage  systems  in  future  research. 

The  economic  analysis  considered  only  the  utility  rate  schedule 
for  Dayton  Power  and  Light.  Information  on  the  structure  of  other  utility 
rate  schedules  in  effect  in  other  areas  of  the  country  could  be  obtained 
and  applied  to  the  electrical  consumption  data  from  this  simulation. 

Finally,  additional  simulations  need  to  be  performed  to  verify 
the  electrical  consumption  data  provided  by  the  BLAST  algorithm  used  in 
this  research. 


APPENDIX  A 


BLAST  INPUT  LISTING  FOR 
BUILDING  20040 


I  >001 o  ******************** 


00170  **  BASF  =  rt WIGHT  r*ATTFWS0N 


00340  CLEARNESS  =  .95,  NREKDAY ) 


00350  WRIGHT-PATTERSON  SPRING  =  (HIGH  =  50.  LON  =  3?.  rtB 


00510  MYrtALLI  =  ( A I  -  I  IN  STUCCO 


00530  B1  -  AIRSPACE  RESISTANCE 


ACOUSTIC  TILE 


00690  FML)  R<X)FS 


.1 


00850  CIO  -  8  IN  HW  CONCRETE 


t.vd  SflOBBId  J.udHVJ  -  ON  I  BOOTH  HSINld 


OIOIO  ZONE  i  "  CENTRAL  BUILDING  UNIT 


»SH(X)H  OfO  10 


FACING  <W>  MYWAI.LI  (190  BY  8  )  WITH 


WINDOWS  OF  TYPF  SINGLF  PANF  WITH  DPAPFS 


350  FLFCTRIC  FQUIPMFNT  =  15,  OFFICE  OCCUPANCY 


013  70  END  I 


01530  WINDOWS  OF  TYPE  SINGLE  PANE  WITH  DRAPES 


01540  (38  BY  4.7  )  AT  (0,0)  r<  1 TH 


FNDl 


*★★★**★★*★**★★* 


DOORS  OF  TYPE  SOLID  WOOD  DOOR 


7? 


jam** mmsOtk 


0???0  FACING  ( F)  MYFLOOR?  (93  HY  40 


02380  WINDOWS  OF  TYPE  SINGLE  PANE  WITH  DRAPES 


\ 


£ 


•» 

• 

•» 

•» 

*— v 

.c 

*— * 

u. 

x 

X 

X 

H 

lC 

in 

it 

«<• 

P^ 

r- 

— 

• 

<■%» 

•c 

• 

• 

• 

c 

• 

o 

c 

•» 

o 

o 

xr 

/S 

>- 

X 

c 

>- 

>■ 

>- 

>- 

m 

X 

r- 

• 

• 

X 

X 

X 

C 

c 

c 

w 

e 

>■* 

vC 

H 

Li 

H 

h- 

• 

c 

c 

X 

< 

cc 

c 

X 

<5 

o 

■o 

•< 

s 

m 

O' 

O' 

O' 

^  'w'  ^  *— s  w 


AD-A109  876  AIR  FORCE  INST  OF  TECH  WRIGHT-PATTERSON  AFB  OH  SCHOOL— ETC  F/G  13/1 

AN  ECONOMIC  ANALYSIS  OF  AIR-CONDITIONING  SYSTEMS  WITH  OFF-PEAK  — ETC(U) 
SEP  81  B  J  MCMULLEN*  N  D  PAPAPROKOPIOU 
UNCLASSIFIED  AFIT-LSSR-66-01  NL 


S:iOMM  :)i«I  IJJ.OHHJ  ivnu  HUM  >PVH IdS  HNdMddM  UNV  JLHOlN  *  S  TO  HI  NIK)  OVSdU 


02720  MULTIZONF  SYSTEM  • 41  MU1.TIZ0NE  HAN  SYSTEM 


02730  SERVING  ZONES 


02900  OThER  SYSTEM  PARAMETERS* 


03060  WEEKDAY  MAXIMUM  OUTSIDE  AIR  SCHFDULF 


03070  NEEKEND  MINIMUM  OUTSIDE  AIM  SCHEDULE 


03230  ENTERING  AIR  DRY  BULB  TEMPERATURE 


03410  HEATING  CAPACITY  on  FROM  01  OCT 


03570  SUPPLY  AIR  VOLUME  =  1730 


03b HO  EXHAUST  AIR  VOLUME 


03750  HOT  DFCK  CONTROL  SCHFOM-F 


03910  AIR  VOLUME  FLOW  RATE  =  3330 


040V0  WEEKEND  HEATING  SCHEDULE  =  (00  To  24-ON) 


042b0  BUILDING  NUMBER  *  "2004CH'| 


04bl0  WEEKEND  HOT  WATERLOO  TO  P4 


04680  BOII.EH  FUEL* 


04840  MINOR  OVERHAUL  COST 


04H50  CONSUMABLES 


OSOIO  BUILDING  CAPITAL  COST 


05020  ANNUAL  BUILDING  MAINTENANCE 


RECIPROCATING  CHILLER  OF  SIZE 


051  VO  END  EQUIPMENT  SELECTION i 


05350  TOTUEF  =  .2941 


05360  3HATB 


0bb20  WEEKEND  COLD  TANK  CHANGING  SCHEDULE 


0bb40  WEEKDAY  CHILLER  SCHEDULE 


05690  COLD  TANK  CHARGING  ON  FROM  01  JUN  THRU  30  SEP I 


05700  rtFEKDAY  HOT  WATFM=<07  TO  17  -  40,17  TO  24 


05860  DEMAND  CHARGE 


ObB/0  INFLATION 


00030  MAJOR  OVERHAUL  COST 


HOURS  TO  MINOR  OVFRHAUI.  =  15000 


90  END  ACTUAL  EQUIPMENT  COST I 


06/20  ( I 


06880  COLD  TANK  CHARGING  ON  FROM  0.1  JUN  THRU  30  SEP* 


06390  WEEKDAY  HOT  rtATER= (07  To  I / 


07050  DEMAND  CHARGE 


07230  HOURS  TO  MI  NOR  OVERHAUL  =  15000 


07390  ********* 


07400  OTHER  COST  PARAMETFWS* 


★★★ * ★★★ *★★★★★ 


BASF  ■  rftfl GHT- PA TTFRSON 


00350  HU IOHT-PATTERSOH  SUMMER  =  (HIGH  *  W.  I.OM 


00510  TEMPORARY  MALLS 


00090  Cl  3  -  6  IN  Hrt  CONCRF  IT 


00850  E4  -  CEILING  AIRSPACE 


OOHot)  F.b  -  ACOUSTIC  TILE 


01020  LOCATION  -  WRIGHT-PATTERSON 


01030  **  DFS1GM  DAYS  =  WW  IGHT-P  ATTFUSON  rtINTFk,  ri.fIGH l A  IT  F-<  V)N  SH  M-- i  ^  t 


tXTERlOK  WALLS » 


itivmaw  (S)  oniovj  ooeto 


** 


A 70  BASEMENT  wALLSi 


121 


friii  i 


b40  CFILINGS* 


FACING  («)  MYWALL3  (48  BY  3  )  WITH 


MOCJMM  dhVd  dianOG  ddAi  JO  SMXINIM 


0 1 8 70  ELECTRIC  EQUIPMENT  =  11,  HOSPITAL  OCCUPANCY 


OIRHO  INFILTHATION  =  773.  OFFICE  LIGHTING 


02030  WINDOrtS  OF  TYPE  SINGLE  PANE  HW  rtlNDOW 


02210  END* 


02/30  PARTITIONS* 


02890  RfK)FS» 


02900  STARTING  AT  <0  .0  ,500  >  FACING  (S) 


03060  PARTITIONS* 


03070  FACING  (N)  PARTI TION23  <55 


03230  STARTING  AT  (0  ,0  ,500  )  FACING  (S) 


X  X 

I-  H 

s  s 


in 

c 


dT 

o 

» 

a 

s 

o 

in 

• 

w 

— s 

c 

>• 

c 

> 

X3 

c 

>- 

>- 

V 

IT 

2 

» 

X 

z 

» 

X 

X 

X 

c 

c 

>- 

£ 

%•* 

X 

v-' 

~T*. 

Xi 

<3 

LU 

H 

• 

u 

r~- 

r-* 

c 

2 

< 

c 

z 

CV 

c 

X 

_ 

< 

in 

< 

•_ 

««• 

s* 

w 

X 

A, 

_ . 

<\i 

— 

LU 

u 

.  , 

o 

-J 

o 

* 

X 

• 

X 

• 

* 

♦ 

+ 

=3 

<3 

3 

o 

+ 

+ 

*** 

c" 

c 

V 

Q 

rsj 

X 

X 

z 

LU  U  C  <V 

<v  ol  cm  a.  <v  •-»  cc 

-J  >-  _J  >-  _i  H  C 

-J  H  -4  «-»  -J  >->  C 


<  O'  «e  rr  <  H  J 


037SO  LIGHTS  =  40.  OFFICP  LIGHTING 


03900  SERVING  ZONES  I 


03V20  FOk  ZONE  I* 


04080  SUPPLY  FAN  EFFICIENCY 


042o0  **PREHEAT  COIl  CAPACITY 


04420  WATER  VOLUME  FLOW  RATE 


04430  FND  COOLING  COIL  DESIGN  RARAMFi'FRSt 


04590  *★  SYSTEM 


********* 


04930  WEEKDAY  MINIMUM  OUTSIDE  AIR  SCHEDULE 


04940  rtPEKDAY  MAXIMUM  OUTS  I DP  AIK  SCHEDULE 


05100  A  IK  FACE  VELOCITY  «  490 


05460  EXHAUST  AIK  VOLUME 


05610  EXHAUST  FAN  EFFICIENCY 


O5V60  ★*★*★*★*★ 


06120  BEGIN  CENTRAL  PLANT  DESCRIPTION! 


061  JO 


06280  END  EQUIPMENT  SELECTION* 


0o300  SPECIAL  PARAMETERS! 


06460  WEEKDAY  RATE  SCHEDULE  I 


06630  FNEHGY  UNIT 


06040  COST  ESCALATION  HACTOR 


06/90  ACTUAL  EQUIPMENT  COST* 


06980  MAINTENANCE 


07140 


0/4  9 O  WEEKDAY  HOILER  SCHEOIJI.H  =  (00  To  ?A 


0/640  HFEKDAY  RATE  SCHEDULE! 


076 Of)  WEEKEND  HATE  SCHFOULd 


07H?0  FNEHGY  C()ST« 


()7d30  ELECTRICITY* 


m<*80  END  ENERGY  COST* 


OH  I  70  MINOR  OVERHAUL  COST  =  HOO 


08320  END  OTHER  COST  PARAMETERS! 


08t>00  RUNTMCH  =  24 « 


08670  SCHFDULF* 


08H30  WEEKDAY  HATE  SCHEDULE  I 


I  H'lfHIHHOS  3J.VH  GM3X33M 


090  10  ENERGY  COST* 


0V3O0  MINOR  OVERHAUL  COST  =  3SO. 


0VS10  END  OTHER  COST  PARAMETERS! 


APPENDIX  C 

BLAST  OUTPUT  REPORTS  FOR 
BUILDING  20040 


170 


LOADS  SUMANV  FIW  HM  I*  CENTRAL  BU ILDING  UNIT  ?fn40  “'••C4'  DISI'EN 


unm  d  iui‘jN3s  ivn/i  ni  naomoMi  si  ji 


LlMDS  SUMMARY  FlW  ZONE  ?X  RIGHT  BUILDING  UNIT  ?G040  MEDICAL  OISPEN 


U 1 

u 


OOOOOOOOOOOO  © 


il 

l! 


o  o 

'  y 


8  ..  . 

(M  M  N 


il 


jooeogye 


s 

«*> 

s 


3  3 


oooooooooooc  c 


m 

r. 

<*> 

o 

C 

c 

—  ©  = 

—  <  ~ 
$ 


sii 


e 

♦ 

UJ 


?  $  §  ?  ?  I 


£  :  i 

c  o  -  o  -  - 


S  8  «  €  S 

4  ♦  4  ♦  4 

H  H  » 


i 

•  i 

o  i 


C 


I  ?  $  a 

5*  —  r*  c 

•  •  •  • 
•  c  c  o 


S  SI 
♦  ♦  ! 
w  * 1 

o 


c 

4 

* 


rw  —  — 


I 


c  c 


c  o  c 


I 

f 

I 

I 

O  I 


73 


U.  UJ 
HH 


u;  ui 

!! 

njn; 


IT  IS  |N<IUI)ru  IN  VITAL  SFHSIIH.F  I.OAU 


LOADS  SU  >MMiV  FIM  ZONE  3*  LEFT  BUILDING  UNIT  20040  MEDICAL  U> SEEN 


X 

US 

u 


OOOOOO  oooooo 


o 


ir  is  inciiueo  in  rbrM.  sensible  load 


AD-A109  076  AIR  FORCE  INST  OF  TECH  WRIGHT-PATTERSON  AFB  OH  SCHOOL — ETC  F/S  13/1 

AN  ECONOMIC  ANALYSIS  OF  AIR-CONDITIONING  SYSTEMS  WITH  OFF-PEAK  — ETC(U) 
SEP  81  B  J  MCMULLEN ,  N  D  PAPAPROKOPIOU 
UNCLASSIFIED  AFIT-LSSR-66-81 


NL 


CVWW  —  d.L.A.S.r -  VEPSIO*  p.o  LVL  M0.65  6  AUO  *1  19.06.11.  PM* 


PROJECT*  ENERGY  ANALYSIS  Of  BUIID I  MO  20040 


:st 

>- 

x 

< 


mi 

H 


a. 

a 


s 

X 

s 

Ul  - 

</> 

5; 

as 

CJ  c 

z 

1 

</»  ~ 

v 

s 

a 

a 


u. 

a 


£  1  * 

>  £  °* 

l  t 

g  I 

S  S  f 


o  ccoccocccccc 


e 

o 

X  3 


o  s 


oecocceoco  ee 


Is 

“5  5 


I 

I 

I  • 


o  ococccccccco 


* 

U  J 

« 

X 

H 

< 

i- 

sssss 

♦  ♦  ♦  ♦  ♦ 

S£fi 
♦  ♦  ♦ 

iT 

*  J 

441  Z 

a 

2 

s| 

smsas 

n«it 
Cf**  «  c 

ttiuiw 

?SS 

<M  C« 

ui  5SSSSccccS5g  i£  oec«S;jJec: 

*>«*.««  »«•'  js  ***-■ 


u:  U.U.  u. 
t* *  <c  —  r* 
>  «c  »- 
tftAT-O  — 


ft 

ft 


<  ~ 
£ 


rj"«»»CCOC>«-  OCOOCry^^V^vC  CC 


</> 


U.- 

; 


*  r*  r*  r*  r»  r>* 

e  ooc o  c 
*•  ♦  ♦  ♦  ♦  ♦ 

£=  SS*S* 
ii  28S?S 


«  r»f- 

©  oo 
♦  ♦  ♦ 
W  UiUJ 


V)  «~ 
X 

G 


^♦IMM-OCOCO-t 


sss? 

♦  ♦  ♦  ♦ 

S*SS 

—  »•>»  ▼ 


<v  oococt<ir^ccc 


Bf 

s 


U£ 

I  »' 


is  e 

ft  ft 


<u<i«33ajo:u  S  <  u  <  a.  * 

-ia.f  <*n"><wcf5  <  *^ikl<3 


:-"jai->u  z 
i  a  a  u  'j  C  x  £ 
n<ir.;ic  < 


«a 

i 


c 

i 


£ 

181 


u 

? 

X 

X 

u 


WUK^O?  ?.AAIF»n4  IMP / 


CYBfll  --  H.I..A.5.T -  VEUSHM  2.0  LWL  100.45  6  AUO  HI  I9.CM.II.  PAGE 


tti; 

« 


00-^?000CS5° 


^  oot  f  rccoc^<\o  i  tn 


CCw^C  c  c  c  ▼ 


UJU.  I 
>t~  I 

» c  • 
r*»r  » 

t'ac  i 


COWfl-OCOOftO  I  -o 


CCniT-2  55CKC 


l 

•  •••••••••••I*  •*••••  ♦••••* 

cor*f*c-  — (cco  «cc  c 

t  >  -O  -O  oc 


iu 

z  Z  ~  ©O  po  CO  c 

.2  4444444 

~  HX  U'WUJWU/UIW 

CN  ®  *  f»  rt  «  «r. 

<  ¥B  ............ 

u;  J.  w  CO«N-*VfM  —  rvOfOCO 

_  & 


ococ  c  c  c 

4  ♦  ♦  ♦  4  4  ♦ 

u.‘uu  u.  u:  a  u)  u. 

>  —  c\ 
V  o  &■  -c  o  * 
Oi-*  r-  <\  r\  —  »r 


C  Opv  — —  rv  —  O.CCC 


tttl 


**  *  iT  **  5 

??????? 
*“SSWS* 

5—  —  15 


eo«<o  — mmaoci  »  — 


PH  »■*.  FT  j/».  ^  V  » T 

oe ce  c  c  c 

4  4  4  4  ♦  ♦  4 
UIUIUJUI  U.  U.  LL 
r*  »  —  ^  <o  X 

©»n  ^ C  J 

O*  —  C  c  ^ 

oo^Nif-  -occ'd 


z  H!sas 

5  <ui3x  <3  p  3uj  o  5  u,  >  s<ui< 

n  ■» x »  <  ^ < in  c  z  5  « 


z>*z  ->  o  a  w>y 

X  <3  3  o  WJCX 

<»*^  ->  «c  t ft  sis 


AMI  I.JOlFMIn  VSI  .  ft.4IOF*OS  5.O?9E»03  JflH 


urn  ii y.  ewiHJY  totai. 


dOYH  *»l*9U-«)  lb  unv  9  wool  1A1  O 't  HUISM3A  - J'S*Y*T«  —  <H«A3 


ANTI  0.  3.453  H7*06 


PAGF 


uram.  kwfimsy  t»tm. 


LOADS  SIIIMtAHY  FOX  ZONE  I*  BASEMENT  LEFT  NINO  2TJ50  ACFT  HSCII  ENO 


eoeecex'o 


u 

Si 

iw 


°  ®  «£J  r 


S  8  £  8 

—  IM  «N 


8  «  R 


i? 


O  IT 

%  3 


(NOOOCO^r-r- 
O  <5 
—  tf> 


« 

rsi 


—  C3  3 

*hS 
"“us  w 


5L§ 


sle 


sli 

Uf 


S 

?C>  -> 

sse 


K'« 

«se 

3hS 

ej- 


III 

3J- 

8a  - 

*-»« 


i  ?iS 


E  * 


m  ~ 


r  * 

“ 

9 

c 

O 

O 

O 

O 

0 

O 

m 

rg 

c 

FI 

c 

▼ 

0 

s 

8 

s 

* 

C 

5 

t 

1 

-o 

e 

US 

in 

s 

US 

i 

us 

O 

5 

us 

1 

US 

l 

US 

i 

us 

» 

1 

1 

| 

us 

m 

* 

3  C 

cv 

d 

* 

- 

r* 

ni 

d 

c  1 

ns 

*  r*» 

3  ? 

■o 

0 

s 

S 

£ 

? 

s; 

r*» 

O 

i  SK 

1  w 

r  O 

•  • 

i 

m 

i 

0 

m 

* 

« 

lis 

« 

n* 

ns 

i 

in 

Ml 

N  1 

(C  1 
•  1 

S 

c 

n 

IM  fvj  O'  —  — 


C 

o 


o 

♦  ♦  ♦ 

US  l£  US 

S  S  s 

•  •  • 

m  o  m 


C 

r» 

C 

♦ 

* 

* 


1 

s 


c 

r». 

C 


O 

r» 
C 
♦ 
u i 

% 

m 


i 

•  i 

C  i 


£  i 
o  I 
♦  i 

8! 

%  ! 

•  I 
r>  | 

I 

I 

I 

l 

I 


c  ©  c  c  c  o 


1  s 


s  £ 


«  <0  f*  r*  f» 

c  c  c  c  c 


c  « 
c  c 

us  u.  u;  ^  us  w  us  u.- 

S  S  £  5  t  5  s  J 


I  £ 


C  r»  —  m  —  —  — 


8  8 


C  « 


u. 

5 

cr 


rv 

*  iT 

?  I 

U'  ut 

C  R 


©  1 

?! 

us  i 

1 1 

r»  1 
•  l 
—  I 


O 

n. 


m  a 
'Or* 

a.  a. 

ar  * 

ss 

ast 

<  < 

si 

ro  *s‘ 


lT>  — — 


siix  •  x 
>*  c 

£*’±*  jJS 

*-  w  *-  w  Si  k 

a:  ^  c  ^ 

52; 

>->•>->-  .—  5 
SSSo  sc* 
esf:  £| 


• 

•  1 

• 

<r  mr*  <r 

«-*  > 

C 

C  1 

c 

GC  l 

£ 

£  ! 

g 

sasl 

V)  y 

z  a 

♦ 

.♦  ! 

♦ 

B 

ui  i 

US 

-? 

m 

<v  1 

Pa 

IT 

c  1 
•  1 

m  m  —  — 

V)  “ 

C  C.  C  C  XC 


U  Ui  U.  Ui 
CC  r*» 


in 

•  •  •  • 
—  —  Ok 


5Sf=S 

se  a 
=  : 


U.U.' 

2*5? 

rywN 


s> 
s 

3  a 

9  X 

11 

<  > 

su 

*t£ 
5: 5 
8  *- 


Loss  *  mass  fi.oii  *  Specific  heat  *  izonf  temp  -  outswf  tfhpi 
1 1  is  via.un-n  in  total  sensible  load. 


L'MDS  SIlfHAHY  F(M  7.<m  4X  FIMST  FLU*  BIGHT  m)  ?rmo  ACFT  BSCM  ENG 


f  IS  |i» |N  TOTAL  SKNSIHIE  l.nAII. 


196 


•Of* 


—  a. 
r  t 

Li.  LL- 

sa 


i 


Ui 

S 


kin: 


—  r*  -c 


t-»  w  £*  C 

S5  5  5 

sisi 


zsz  X 
C'OtN 


HUhH 
<  <  •<  « 


UCUIL 

—  ^  *  c 

—  o*  -  o 

»fi  rg  — 


r  ir  ^  ir 

i?f  * 


■jBir  Tl^fciVil.ill'l  Tir- 


*(IVII  |  U'WISHl-tS  IVJOJ  Ml  C!ll(l|l  IX*  I  SI  Jl 
MNdi  a01SJ.HU  -  ilMdl  JW>Z)  *  1V:III  OMIOrkiS  ♦  MoM  *.!  Us  *•  SS*.l 
‘NVHUIti.lllllS  HlllSAS  ONI ‘KINVIt  1*1 ¥  AU  (lil.llMIRU  SI  «-*ljn».l  JN.HJV  I 
’A  IM)  NOIltKM  a  ililSNJS  ill  SfiHHJM  ssm/llivo  IVUI  IA«»I  I VAIJ 'll rll.l 


FOU  ZONE  6X  SECOND  FI.OOH  LEFT  MO  20050  ACFT  KSCI1  ENO 


TOTAL  SFNSIHI.F  LOAD. 


MOOOOOOOOOOOOO 

U I  > 

u  i 

1»  •  •  a  *  *  S  S  *  S  s  *  *  *  I 

CO  " 

:R22oecoo5;|  « 

f  *  •■*  •  *■*  *  *“  a 


loads  sut«aiiv  fan  zonf.  n  second  elk*  central  no  7  on  so  acft  rsch  eno 


X 

Ul 

o 

© 

c 

o 

o 

o 

o 

c 

o 

o 

o 

o 

o 

o 

» 

c 

© 

rsi 

m 

fN 

f* 

(V 

8 

o 

X 

§ 

fi 

Sf 

» 

o 

s 

Bo 

“ 

<v 

«N 

ts 

PM 

i* 

c 

3 

st 

»•> 

O 

o 

o 

o 

c 

B 

r» 

» 

>o 

§_ 

* 

* 

-o 

R 

s* 

f-u; 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

*  «r»  «r>  «r> 

coco 


*  S  %  S  g  * 

r  *  o  c  •*>  r. 

C  6  •  C  -  «  «  «  IN 

S  S  8  S 

♦  ♦  ♦  ♦ 

up 

I  J5  S  s 


s  s  *  s 
♦  ♦  ♦  ♦ 


CM  o  o  »  — 


—  —  r.-ooocc 


M> 

o 

8 

SI 

5 

S 

X  <1 

C- 

♦ 

Ul 

♦ 

U. 

3 

Bl 

C  (C 

£ 

S ! 

K 

o 

*fc 

*? 

Ml 

-M 

IT 

a.  c_ 

XX 

Ul  IT 

eecccecccc 


5  -52 

»£  MC  fc- 
S  <_l  X 

tt-  ~ 


I  I 

*  it 


r»  r»  r*  r»r^*^r^ 

5  ?  5  ?  f  ;  f  J  5 

KXSKtt!9N!iil 

PWCP»  —  PV“™«N  — 

«fvMnn^nn«v 


C  C  C  I 

^  F*»  I 

c  c  cl 

♦  ♦  ♦  » 

u  u.  uj  ; 


c  o  c  c  c  © 


ess 

♦  ♦  ♦ 

s  $  * 

?0*  PM 

▼  If. 
•  •  • 

^  *  If* 


o  c  c  c 

sees 

u  w  w  1 

s  s  ?  * 

c  ^  o  « 


Ul  UJ  Ul  U) 


c 

•  a  • 

o  o  - 


»*»  ifl  2  »  F  2  ^ 

c  3*  S  3  5  «  £ 


»ft  >  —  — 

t* 

o 


*»  C  C  r 


«  ^  c  >  ©  —  <v 

199 


c^-l-  H» 

5S5f 

tils 

B  —  —  C 

•N 

►  >-V>- 

SccS 

!!?! 
J'O'O  t* 

*S£x 

«B«K 

HHH  f- 


•  £  if  .  in  —  </!*"< 

*■  occ  ©  x x 

♦  ♦  ♦  ♦  E  ■*•  t 


N>  - 

C 

o^C- 
-  —  —  o 

*1  ■  c  « 

fits 

55£Si 


Ul 

^  t  s  ? 

SUN  ^ 

*22  £ 
?5  ?  £ 

KX  K  Z 

555  * 


ir  is  iu:i. no  in  roiM.  sensible  load 


L.A.S.T -  VFKSI'M  2.0  LVL  100.4b  22  JtIL  01  19.13.00.  PACE 


mu  —  H.I.A.S.T -  VEUS10M  2.0  LVt.  100.65 


*'**  *.IM  I  *I1M  l.5VOE»OS  I.AISt.on  .’.Wltni  O.  O.  6.V>1EM>'1  I. 0176*05 


30  Vd  •«i0'fl*6«  I U  Kir 


I*  t  *  ' 
«  «  «  ' 


OOOOOOOOOOOO 


coooet«rocC! 


OOOOOOOOOOOO 


©OCOC---OCOC 


> i  SSSX5 R  !  S  cccc'^H?v 

t  *\  it  ▼ 


WH  Iff  if 

fwsfws 

«  -  Or*  .  C  t  c 

-NO*  l  t 

..*•••••  ••••!  • 
lN»'0^r  tfOCOOOMWt  I  **- 


sfiiee 

♦  ♦  ♦  ♦ 

uiku  _ju. 

<r  m  «-  r 
C«  «*  C 

-  c  c  ^ 

occca^VicCi 


s 

s 

« 

c 

♦ 

UJ 

S 

♦ 

3 

to 

« 

• 

I 

V) 

12 

mi 

♦ 

X 

SB 

e 

♦ 

ft 

n 

u- 

S’ 

S 

t 

V? 

U! 

0 

< 

« 

Jr 

J 

r 

{ 

!j 

2 

* 

T 

s’ 

♦ 

«C 

j 

> 

9 

£ 

♦ 

S 

or 

• 

* 

< 

: 

♦ 

1 

uu 

1 

» 

* 

• 

* 

5 

<■ 

t; 

♦ 

♦ 

H 

o 

r 

y 

5 

5 

0 

& 

<r 

g 

v. 

3"  , 

C©*-?**  r*P»C  !• 

CCC CO  OCO  I  c 

♦  ♦♦♦♦  ♦♦♦!♦ 


u'i  uju. 
▼  «C 

—  O  T  <N 


p*  C t  **i  *®  j  \  %  -  CrN 

-•t  •«dcQC«n»  I  «  CCOCC^oVoC  i’ 


llKH:«Ofl  >.OM|:»ll‘>  (MO.  i.n7Jt*m 


CYHl-.i  —  a.L.A.S.T -  VERSIIM  7.0  I.VL  I00.«  A  AUG  HI  I7.M.79.  PARE 


f  «  «  «  « 
«  «  «  «  « 


*  V 

*1  St  S 


oooooooooooo 


cooococc 


e  5  e  3 

♦  ♦  ♦  ♦ 

m* 

r*  *+  r*  iC 

o  o  o  Jh 

•  t  •  • 

— 

*  n  r> 

O  O  C  C 

♦  ♦  ♦  ♦ 

“  s  $  £ 

s  a  s  ^ 

e  f*  *  c 


—  c  c  o 


-0>©.»-OCC 


d  3  c  3 

♦  ♦.  ♦  ♦ 

?  I  £  | 

S  S  If!  S 


5  8?? 

♦  ♦  ♦  ♦ 

n  %  « 

rg  rg  rv  O 

«  »  »  - 

(M  C  »  O 


o  ©  o  c 


0  9  0  0 


>  z  —  -\ 


CYHIiif  —  B.UA.S.T -  VERSION  2.*  I.VL  IOO.<M  B  *00  m  17. m.3».  PAGF. 


emit  —  r.l.a.s.t  —  vims  urn  2.0  lvl  100.65  22  jul  ri  iu.i3.05.  page 


VHGH  —  B.L.A.S.T -  VGIJSIOM  2.0  LVL  100.65  22  JUL  81  19.13.05.  PACE 


CYBER  —  3.L.A.S.T -  VERSION  ?.0  LVL  ICO. <15  2?  JUL  8 1  I9.IJ.OS.  PACE 


E'lFHOY  TofAL 


APPENDIX  E 

UNSTEADY-STATE  HEAT  GAIN  BY 
COLD  STORAGE  TANKS 
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The  purpose  of  this  appendix  is  to  examine  the  amount  of  temp¬ 
erature  rise  in  a  chilled-water  storage  tank.  The  equations  and  cal¬ 
culations  in  the  appendix  are  based  on  an  article  by  J.  D.  Paciotti  in 
the  June  2,  1980  edition  of  Chemical  Engineering.  The  article  was  titled 
"Unsteady  State  Heat  Loss  from  Storage  Tanks,"  and  was  intended  as  a 
decision  aid  in  determining  the  amount  of  heating  or  insulation  needed 
for  storage  tanks  (20:104). 

The  unsteady  state  heat  flow  balance  for  a  storage  tank,  assuming 
that  UQ  and  Cpo  are  constant  over  the  temperature  range  in  question,  can 
be  represented  as: 

(1) 

mCp0  T/t+  t  -  mCp0  T/t  =  0-UqAq  (T-Ta)AT 

where : 

Ta  *  temperature  of  outside  air,  °F 
T0  *  tank  fluid  temperature  at  time  0,  °F 

T  =  tank  fluid  temperature  at  time  t,  °F 

U0  =  overall  heat-transfer  coefficient  based  on  T0,  BTU/ft2  Hr  °F 
A0  =  tank  surface  area  upon  which  Uo  is  based,  ft2 
m  =  mass  of  the  fluid  in  the  tank,  lb 

Cp0  =  heat  capacity  of  the  fluid  at  T0,  BTU/lb  °F 

Energy  accumulation  in  time  t  *  energy  in  -  energy  out 
Letting  At-»0,  and  rearranging,  eq  (1) 


becomes 


-  m  C nn  dT  *  dt  (2) 

U0  A0  T-Ta 

Integrating  equation  two  yields: 


T  t 


the  result  is  the  time/temperature  relationship 
for  a  storage  tank: 


taking  the  inverse  logn  of  equation  4  and  rearranging 
terms  yields: 

CUo-OaS 

-t  \mCpo  / 

T  =  (T0-Ta)e  +Ta 

The  storage  tanks  for  the  simulations  on  Building  20040  and  20050 
are  assumed  to  be  insulated  cylindrical  tanks  constructed  of  concrete  with 
an  R  =  20.  The  tanks  have  an  aspect  ratio  (height/diameter)  of  two  and 
are  buried  below  the  ground.  Ground  temperatures  represent  Ta.  The 
cooling  capacity  of  the  tanks  are  based  on  entering  chilled  water  temp¬ 
erature  of  44<>F  and  return  water  temperature  from  air-handlers  of  56°F. 

A  conversion  value  of  62.42  pounds  of  water  at  60°F/cubic  foot  was 
used  to  calculate  the  relationships  between  cooling  capacity,  volume,  and 
tank  area  as  follows: 
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Volume  of  the  cylinder  with  aspect  ratio  of  two  is  calculated: 


h_  *  2  therefore 
d 

h  *  4r 
V  =  4tit3 
r  *  3yrv/4^ 
r  =  3 J m/62. 42 

Area  of  the  cylinder  is  calculated  using: 

A  *  10  *r2 

Table  16  is  developed  using  the  equations  and  values  presented 
above  and  the  cooling  capacities  required  by  the  simulations.  The  value 
of  (T)  is  calculated  assuming  a  value  of  t  a  12  hours. 


I 

l 

l 


TABLE  16 


THERMODYNAMIC  VALUES  FOR  SIMULATED  STORAGE  TANKS 


Buildina  20040 

Buildina  20050 

Alt  1 

Alt  2 

Alt  1 

Alt  2 

Cooling  capacity  (KBTU's) 

6000 

4000 

10000 

6500 

Ta  (Ground  temp)  (°F) 

63 

63 

63 

63 

To 

(OF) 

44 

44 

44 

44 

Uq  (BTU/Ft2Hr°F) 

.05 

.05 

.05 

.05 

T 

(OF) 

44.053 

44.060 

44.045 

44.052 

Aq  (Ft2) 

2326.77 

1775.64 

3271.08 

2454.46 

m  (lb) 

500,000 

333,333 

833,333 

541,667 

Cpo  (BTU/1  b°F) 

1.0 

1.0 

1.0 

1.0 

220 


SELECTED  BIBLIOGRAPHY 


221 


A.  REFERENCES  CITED 


1.  Acton,  Jan  Paul,  Bridger  M.  Mitchell,  and  Willard  G.  Manning,  Jr. 

"European  Industrial  Response  to  Peak-load  Pricing  of  Electricity 
with  Implications  for  U.S.  Energy  Policy,"  P-5929.  The  Rand 
Corporation,  Santa  Monica  CA:  March,  1978,  pp.  1. 

2.  Air  Force  Energy  Office.  Air  Force  Energy  Plan.  Washington: 

Government  Printing  Office,  January,  1981,  pp.  113-114. 

3.  American  Society  of  Heating,  Refrigerating  and  Air  Conditioning 

Engineers.  ASHRAE  Handbook  and  Product  Directory.  1979.  Equip¬ 
ment.  New  York:  American  Society  of  Heating,  Refrigerating  and 
Air  Conditioning  Engineers,  Inc.,  1979,  pp.  12.10-16.13. 

4.  _ .  ASHRAE  Handbook  and  Product  Directory.  1976  Systems. 

New  York:  American  Society  of  Heating,  Refrigerating  and  Air 
Conditioning  Engineers,  Inc.,  1979,  pp.  4.1. 

5.  Budnick,  Frank  S.,  Richard  Mojena  and  Tomas  E.  Vollman.  Principles 

of  Operation  Research  for  Management.  Homewood  IL:  Richard  D. 

Irvin,  Inc.,  1977,  pp.  475. 

6.  "Building  without  Boiler  May  Set  Energy  Record,"  Engineering  News 

Record .  Vol.  202,  No.  6  (February  1979),  pp.  20-21. 

7.  Carrier  Corporation.  Carrier  Technical  Development  Program.  Section 

T200-29B,  Syracuse  NY:  January  1975,  p.  13. 

8.  _ .  Handbook  of  Air  Conditioning  System  Design.  McGraw  Hill 

Book  Company,  1965,  pp.  55-60. 

9.  Cobb,  Thomas  B.,  and  others.  Time-of-Use  Pricing  for  Electricity  in 

Ohio.  R-IVERC-0980-04.  Bowling  Green  OH:  Energy  Studies  Program 
Publication  Series,  Bowling  Green  State  University,  September,  1980, 
pp.  5-25. 

10.  "Cold  Water  Tanks  Cuts  Cooling  Costs,"  Engineering  News-Record,  Vol.  203, 

No.  2  (July  1979),  p.  17. 

11.  Copper,  Kenneth  W.,  and  Richard  A.  Earth,  "Centrifugal  Water  Chilling 

System:  Focus  on  Off-Design  Performance,"  Heating  Piping  and  Air 
Conditioning.  Vol.  50.  No.  1  (January  1978),  pp.  63-72. 


222 


12.  Energy  Technology  Office.  Air  Force  Energy  Initiatives  Feasibility 

Study,  Volume  2  -  Final  Report  for  June  1980.  ET0-TR-80-1, 

McClellan  AFB  CA  95652,  1980,  pp.  5-10. 

13.  Gorreninik,  E.  "Great  Rate  Debate  is  Settled--Maybe,"  Electrical 

World,  Vol .  194  (October  1980),  pp.  130-131. 

14.  Guralnik,  David  B.,  Editor  in  Chief.  Websters  New  World  Dictionary. 

2nd  College  Edition.  Cleveland  OH:  William  Collins  Publishers, 
Inc.,  1980,  pp.  623-29. 

15.  Hamilton,  Roger.  Sales  Representative,  Trane  Sales  Office,  Dayton  OH. 

Telephone  Interview.  May  1981. 

16.  Hittle,  E.  Douglas.  "The  Building  Load  Analysis  System  Thermodynami cs 

(BLAST)  Program,  Version  2.0:  Users  Manual,  Volume  I,"  Unpub¬ 
lished  research  report  No.  E-153,  U.S.  Army  Construction  Engi¬ 
neering  Research  Laboratory,  P.0.  Box  4005,  Champaing  IL  61820, 
June  1979,  pp.  III-l. 

17.  Holzhauer,  Ron.  "Packaged  Water  Chillers,"  Plant  Engineering,  Vol.  59 

(August  1980),  pp.  58-64. 

18.  Mullen,  M.  "Indiscriminate  Use  of  Load  Scheduling  Might  Cost  Not 

Save  Money,"  Air  Conditioning,  Heating  and  Refrigeration  News, 

Vol.  147  (August  1979),  p.  16. 

19.  National  Bureau  of  Standards,  Department  of  Commerce.  N8S  Handbook 

13S.  Life  Cycle  Costing  Manual  for  Federal  Energy  Management 
Programs .  Washington:  Government  Printing  Office,  December 
1980,  pp.  iii .  2-16,  83-130. 

20.  Paciotti,  J.  D.  "Unsteady-State  Heat  Losses  from  Storage  Tanks," 

Chemical  Engineering,  Vol.  87  (June  1980),  p.  104. 

21.  Tamblyn,  R.  T.  "Thermal  Storage:  Resisting  Temperature  Blending," 

ASHRAE  Journal ,  Vol.  22,  No.  1  (January  1980),  pp.  65-70. 

22.  The  Trane  Company.  "Chilled  Water  Storage:  An  Old  Concept  with  a 

New  Mission,"  Trane  Engineer’s  Newsletter.  Dayton  OH:  Trane 
Company  Sales  Office,  March,  1976,  pp.  1-2. 

_ .  Trane  Air  Conditioning  Manual.  Forty- Forth  Printing. 

St  Paul  MN:  McGill  Graphic  Arts,  March,  1971,  pp.  130-290. 


23. 


24. 


_ .  "Why  Must  Chillers  Be  Constant  Flow  Devices,"  Trane  Engi¬ 
neer's  Newsletter.  Dayton  OH:  Trane  Company  Sales  Office,  January- 
February,  1980,  pp.  1-4. 

25.  Utility  Contract  Negotiation  and  Administration  Workbook.  SW  630ZR6534, 
Lowry  AFB  CO:  March  1979,  pp.  2-8. 


B.  RELATED  SOURCES 


American  Society  of  Heating,  Refrigerating  and  Air  Conditioning  Engineers. 
Cooling  and  Heating  Load  Calculation  Manual,  ASHRAE  GRP  158,  American 
Society  of  Heating  Refrigerating  and  Air-Conditioning  Engineers,  Inc., 
1979. 

"Big  Texas  High  School  Takes  Small  Energy  Bite,  Ice  System  Cuts  Peak  Loads," 
Engineering  News -Record,  Vol.  205,  No.  10  (September  1980),  p.  14. 

"Chiller  Cuts  Water  Bills  88%, "  Elastometrica,  Vol.  Ill,  No.  6  (June  1979), 
pp.  36-37. 

"Energy-Saving  Options  Explored  by  Development  in  5  Varied  Communities," 

Air  Conditioning,  Heating  and  Refrigeration  News.  No.  145  (October  1978), 
p.  3. 

Erth,  Richard  A.  "Power  Inverters  and  Off-design  Chiller  Performance," 

Heating,  Piping  and  Air  Conditioning.  Vol.  52  (November  1980),  pp.  63-67. 

"FERC  Urged  to  Review  'Vague'  CWIP  Standards,"  Engineering  News-Record, 

Vol.  205  (September  1980),  pp.  109-111. 

Fisher,  R.  "Load  Controlled  Modulator  Chiller,"  Electrical  World,  Vol.  188 
(November  1977),  pp.  50-51. 

"High-Capacity  Chillers  Said  to  Cut  Energy  Costs,"  Plastics  Technology, 

Vol.  26,  No.  4  (March  1980),  p.  39. 

Holmes,  G.  V.  R.  "Designing  &  Control  Chilled  Water  System,"  Heating, 

Piping  and  Air  Conditioning,  Vol.  50,  No.  9  (September  1980),  pp.  111-120. 

Jorgensen,  J.  F.  "Cold  Energy  Storage,"  Heating.  Piping  and  Air  Conditioning, 
Vol.  51  (April  1979),  pp.  77-79. 


H 


"MIT  Researcher  Develops  Off-peak  Cooling  Systems,"  Air  Conditioning, 

Heating  and  Refrigeration  News,  Vol .  143  (November  1979),  p.  3. 

"Off-Peak  Cooling  Systems,"  Heating,  Piping  and  Air  Conditioning,  Vol.  52 
(March  1980),  p.  44. 

) 

Rublee,  P.  "15  Ton  Ice  Bank  Heat  Pump  System  Satisfies  45-Ton  Cooling 
Load,"  Building  System  Design,  Vol.  76,  No.  5  (August  1979)  pp.  46-47. 

Szabo,  B.  S.  "Thermal  Tank  Efficiency,"  Heating,  Piping  and  Air  Conditioning, 

Vol.  52,  No.  3  (March  1980),  pp.  63-70. 

Spielvogel,  L.  G.  "Building  Energy  Performance  Criteria;  Energy  Performance 
Data,"  ASHRAE  Journal .  Vol.  22,  No.  1  (January  1980),  pp.  46-50. 

Stubblefield,  R.  R.  "Energy  Efficiency  Through  Ice  Storage,"  Heating, 

Piping  and  Air  Conditioning,  Vol.  51  (December  1979),  pp.  43-47. 

"York  Shows  Slower  Motor  Speeds  Reduce  Energy  Consumption  by  Air-handling 
Water  Chiller  Units,"  Air  Conditioning,  Heating  and  Refrigeration  News, 

Vol.  149  (February  1980),  p.  17. 


